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ABSTRACT 

This r e p o r t  summarizes t h e  r e s u l t s  of a program t o  develop 

t h e  technology of t h e  r o l l u p  s o l a r  a r r a y  concept.  A d e t a i l e d  

design of a 250 square f o o t  u n i t  providing 31.3 w a t t s  p e r  

pounds w a s  developed and suppor t ing  a n a l y s i s  completed. A 

f u l l  scale engineer ing development u n i t  w a s  f a b r i c a t e d  and 

s u b j e c t e d  t o  a series of system tests c o n s i s t i n g  of deployments, 

deployed dynamics, stowed v i b r a t i o n  stowed pyrotechnic  shock, 

stowed a c o u s t i c ,  and stowed and deployed thermal vacuum. 

Components tests of t h e  deployable boom, thermal bending 

of t h e  boom, s t r u c t u r a l  tests of t h e  b l a n k e t  e lements ,  t h e  

boom, and t h e  bear ing  assembly were c a r r i e d  ou t .  
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SECTION 1 

SUMMARY 

This document con ta ins  a d e t a i l e d  summary of t h e  work per-Jrmed under JPL Contract  

952314, Design and Development of a Th i r ty  Watt Per  Pound 250 Square Foot Rollup 

Solar  Array. The program o b j e c t i v e  w a s  t o  develop the technology of t h e  r o l l u p  

s o l a r  a r r a y  concept by prepar ing  a d e t a i l e d  design,  performing t h e  a s s o c i a t e d  ana lyses ,  

f a b r i c a t i n g  an engineer ing  development model, and sub jec t ing  the  engineer ing  model 

t o  a comprehensive test program c o n s i s t i n g  of both environmental  and development 

tests. The design concept w a s  based on t h e  r e s u l t s  of f e a s i b i l i t y  s t u d i e s  descr ibed  

i n  Reference 1-1. The environmental  and test requirements are given i n  JPL Speci-  

f i c a t i o n  No. SS501407, Revision E .  (Reference 1-2). 

This f i n a l  r e p o r t  has  been organized i n t o  two volumes f o r  t h e  r e a d e r ' s  convenience. 

The f i r s t  volume conta ins  a summary of t h e  t o t a l  program and t h e  most s i g n i f i c a n t  

r e s u l t s .  The second volume conta ins  a d e t a i l e d  d i scuss ion  of t h e  las t  f o u r  months 

of t h e  program which included t h e  f i n a l  assembly of t h e  engineer ing  u n i t  and t h e  

system test program. 

given i n  t h e  q u a r t e r l y  r e p o r t s ,  References 1-3, 1-4, 1-5 and 1-6. As an a i d  t o  t h e  

reader  t h e  major conten ts  of t he  q u a r t e r l y  r e p o r t s  are as fol lows:  

De ta i l ed  d i scuss ion  of t h e  i n i t i a l  p o r t i o n  of t h e  program w a s  

1. Quar te r ly  Report No. 1 (Reference 1-3) 

a. Design Requirements Summary 

b e Electr ical  Performance of t h e  Array 

c e Bearing, Lubr icant ,  and Spring Motor Se lec t ion  

d e  Resul t s  of Thermal Cycling Tests of Array Segments 

1-1 



2 .  Quar te r ly  Report N o ,  2 (Reference 1-4) 

a .  

b .  Thermal Analysis  and Resul t s  

c. Deployed Dynamics Analysis  (Out of Plane)  

d.  Stowed S t r u c t u r a l  Analysis  ( I n i t i a l )  

e. Magnetic F i e l d  Analysis  

f e R e l i a b i l i t y  Analysis 

g.  Blanket S t i f f n e s s  Measurements 

h .  Formulation of a Mathematical Model f o r  Deployed Array Blankets  

i. S t r e s s  Analysis  Data Sheets  

Detail Design Descr ip t ion  of System and Components 

3 .  Quar te r ly  Report N o .  3 (Reference 1-5) 

a. Design Details f o r  Engineering Prototype 

b .  Out of Plane Deployed Dynamics Analysis  Resul t s  

c. T e s t  Equipment Design Descr ip t ions  

d.  S t r u c t u r a l  Element Models of t he  S o l a r  Array Blanket f o r  
I n  Plane Dynamics Analysis  

4 .  Quar te r ly  Report No, 4 (Reference 1-6) 

a.  Descr ip t ion  of Active S o l a r  C e l l  Modules on Test Blankets  

b e  Resu l t s  of Deployed Dynamics Analysis  f o r  Test Condition 
( l g  f i e l d )  

c e Development Test Resu l t s  

(1) Bi-Stem Thermal Bending 

( 2 )  Module Thermal Cycling 

(3)  

( 4 )  T e s t  Planning 

Array S t r u c t u r e  Load Def l ec t ion  Test 

1-2 



I n  genera l ,  d e t a i l s  p resented  i n  t h e  q u a r t e r l y  r e p o r t s  are no t  repea ted  i n  t h i s  

f i n a l  r e p o r t ,  b u t  are re ferenced ,  However, it i s  intended t h a t  s u f f i c i e n t  

information be included i n  t h i s  f i n a l  r e p o r t  s o  t h a t  i t  be a complete r e p o r t  and 

t h a t  access t o  t h e  q u a r t e r l y  r e p o r t s  i s  n o t  r equ i r ed  t o  determine t h e  genera l  

r e s u l t s .  The goa l  of t h e  r e p o r t  is  t o  provide t h e  reader  wi th  an assessment of t h e  

state of t he  a r t  achieved by t h e  program and t o  inc lude  d a t a  which can be used t o  

e x t r a p o l a t e  t h e  design t o  m e e t  new requirements w i th  r e spec t  t o  s i z e ,  dynamic 

c h a r a c t e r i s t i c s ,  envelope r e s t r i c t i o n s  and environments. Recommendations wi th  r e s p e c t  

t o  system t e s t i n g  and v e h i c l e  i n t e g r a t i o n  are given. Problems, bo th  so lved  and 

unsolved, are discussed.  

The goa l  of t h e  program w a s  t o  advance t h e  s ta te  of t h e  a r t  of s o l a r  a r r ays  f o r  

f u t u r e  space missions i n  which t h e  power requirement i s  g r e a t e r  than  p resen t  

s c i e n t i f i c  s p a c e c r a f t  and l i g h t e r  weight and decreased stowed volume are needed. 

The conf igura t ion  w a s  developed i n  t h e  f e a s i b i l i t y  s tudy  and i s  shown i n  Figure 1-1. 

The u n i t  i s  made up of two s t o r a g e  drums mounted on a c e n t e r  suppor t  s t r u c t u r e ,  

Each drum has a bear ing  system, a s l i p  r i n g  assembly f o r  t h e  t r a n s f e r  of power 

and s i g n a l s ,  and a Negator s p r i n g  motor t h a t  provides  a cons tan t  t ens ion  i n  t h e  

s o l a r  a r r a y  b l anke t .  A deployable boom i s  mounted on the  c e n t e r  suppor t  and a t t ached  

t o  a leading  edge member. The s o l a r  a r r a y  b lanket  c o n s i s t s  of an in te rconnec ted  

assembly of cells mounted on a f l e x i b l e  s u b s t r a t e  t o  form a s o l a r  a r r a y  b l anke t .  

A blanket  i s  r o l l e d  onto each drum, wi th  t h e  outboard edge a t t ached  t o  t h e  lead ing  

edge member. The system i s  deployed by extending t h e  boom. The deployed boom and 

the  lead ing  edge member comprise the  primary s t r u c t u r e .  

t ens ion  from the  Negator sp r ings .  Outboard end suppor ts  are provided i n  t h e  launch 

conf igura t ion  and are pyro technica l ly  r e l eased  be fo re  deployment. 

spacec ra f t  used as a b a s e l i n e  f o r  t he  f e a s i b i l i t y  s tudy  was an i n t e r p l a n e t a r y  v e h i c l e  

with a square c ros s  s e c t i o n  as shown. 

Each b l anke t  i s  under 

The model 

Four a r r a y s  were mounted on the  veh ic l e  

1-3 



CENTERSUPPORT 
> ,VEHICLE 

\ 1/ b--- STORAGE DRUM 

I ARRA; BLANKET 

SUN 

Figure 1-1. Rollup S o l a r  Array Configurat ion (Coordinate System Shown) 

which w a s  o r i en ted  wi th  r e s p e c t  t o  the  sun.  

only and t h e  a r r a y  design i s  intended t o  be adaptab le  t o  a v a r i e t y  of veh ic l e  

conf igu ra t ions  and miss ions .  

dec is ions  and t r a d e o f f s .  

The v e h i c l e  concept w a s  f o r  re ference  

Weight w a s  a primary cons idera t ion  i n  a l l  design 

A summary program schedule  is shown i n  Figure 1-2. 

program were t o  prepare  a d e t a i l e d  design f o r  a f l i g h t  system and a design f o r  test 

b l anke t s  approximately 10 percent  covered with l ive  s o l a r  cel ls .  The design e f f o r t  

w a s  supported by a n a l y s i s  as requi red .  The v i b r a t i o n  environment w a s  more severe 

than had been used i n  t h e  F e a s i b i l i t y  Study and an i n t e n s i v e  design and a n a l y s i s  

e f f o r t  w a s  r equ i r ed  t o  accommodate the  environment and meet the  program weight goa l .  

T e s t  p lanning and design of t h e  test equipment w a s  i n i t i a t e d  a t  about t he  mid-point 

of t h e  a r r a y  design per iod .  

The f i r s t  a c t i v i t i e s  i n  the  

Compensation f o r  g r a v i t y  f o r c e s ,  measurements of t h e  
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low frequency v i b r a t i o n  of t h e  deployed a r r a y  i n  a vacuum chamber, and t h e  thermal 

vacuum test involv ing  a r r a y  deployment r e s u l t e d  i n  unusual  test  requirements so  

s i g n i f i c a n t  e f f o r t  w a s  devoted t o  test  planning and test equipment design.  

Supporting a n a l y s i s  w a s  provided t o  a i d  test planning and p r e d i c t  test r e s u l t s .  

The tes t  program w a s  i n i t i a t e d  wi th  an i n s p e c t i o n  and performance test designed 

t o  eva lua te  the  s t a t u s  of t h e  system. This  tes t ,  denoted a h e a l t h  check, w a s  

performed a f t e r  each major t es t .  

The major tests were: 

1. Deployed Dynamics 

2 .  Pyrotechnic  Shock 

3 .  Thermal Vacuum 

4. Acoust ic  Environment 

5 .  Stowed Vib ra t ion  

The f i n a l  test  a c t i v i t y  w a s  a 42-cycle deployment / re t rac t ion  sequence intended t o  

demonstrate t h e  c a p a b i l i t y  of t he  system t o  perform mul t ip l e  deployments i n  a 

mission.  Development tests of t h e  components and o t h e r  system elements were 

performed as r equ i r ed  dur ing  t h e  mission.  

Overall program r e s u l t s  are summarized i n  Sec t ion  4 CONCLUSIONS. 

goa l  of a b a s e l i n e  performance of 30 w a t t s  p e r  pound w a s  exceeded. 

engineer ing u n i t  was f a b r i c a t e d  and t e s t e d .  

test program al though t h e r e  w e r e  anomalies.  

of the  r e p o r t .  

The weight 

The 

The a r r a y  surv ived  t h e  environmental  

These are d iscussed  i n  t h e  body 
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SECTION 2 

INTRODUCTION 

The r e s u l t s  of t he  program t o  develop t h e  technology of a 250 square  f o o t  

r o l l u p  s o l a r  a r r a y  are summarized i n  Volume I. 

of t he  system design, and desc r ibes  system performance, bo th  be fo re  and a f t e r  the 

system test program. 

Summary r e s u l t s  such as conclus ions  and recommendations are inc luded ,  

It inc ludes  a d e s c r i p t i o n  8 .  

The systems and development test  program r e s u l t s  are descr ibed .  

Volume 2 i nc ludes  a d e t a i l e d  d i scuss ion  of the system test program. The tests are 

t r e a t e d  i n  the o rde r  they were run  and test  equipment and s p e c i a l  test procedures 

are inc luded  as appropr i a t e .  

are inc luded .  

Comparisons of exper imenta l  and a n a l y t i c a l  r e s u l t s  

2-1 /2 



SECTION 3 

TECHNICAL DIS CUS S I O N  

3 . 1  DESCRIPTION OF SYSTEM 

3 . 1 . 1  GENERAL DESCRIPTION 

The Rollup Subsolar  Array which w a s  designed,  f a b r i c a t e d  and t e s t e d  during t h e  

program provides  250 square  f e e t  of deployed s o l a r  c e l l  module area which i s  s t o r e d  

on drums dur ing  launch. Here ina f t e r  t h i s  u n i t  i s  r e f e r r e d  t o  as the  RA250. The 

schematic arrangement of t h e  system i n  t h e  deployed conf igura t ion  i s  shown i n  

Figure 3.1-1.  Sola r  ce l l s  are mounted on two f l e x i b l e  s u b s t r a t e s  of Kapton-H 

f i l m  (each pane l  i s  46 by 402 i nches ) .  

maintain the  des i r ed  s i n g l e  p lane  geometry and t o  e s t a b l i s h  t h e  n a t u r a l  frequency 

of t h e  deployed system above the  r equ i r ed  0.04 Hz, 

t h e  RA250 system: 

Tension i n  each s u b s t r a t e  is  u t i l i z e d  t o  

S i x  major elements make up 

1 .  Array bl’ankets 

2 .  Single  BI-STEM s o l a r  pane l  a c t u a t o r  

3 .  Storage drums 

4 .  Center support  

5 .  Leading edge member 

6 .  Outboard end suppor ts  

Figure 3.1-1 shows t h e  assembly of t hese  va r ious  components t o  form the  system. 

The a 2 5 0  engineer ing  test model i s  r e p r e s e n t a t i v e  of a f l i gh t - type  design,  except 

f o r  t h e  l i m i t e d  s o l a r  ce l l  coverage. A t o t a l  of 4000 s o l a r  cells  were bonded 
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t o  t h e  s u b s t r a t e s  wi th  t h e  remaining area occupied by g l a s s  p l a t e l e t s  which 

s imulated the s o l a r  ce l l  m a s s  and in te rconnec t  bending s t i f f n e s s .  

Figure 3.1-2 p i c t u r e s  t h i s  model i n  both t h e  stowed and t h e  f u l l y  deployed 

conf igura t ion  

3 e 1.2 ARRAY BLANKETS 

The RA250 f l i g h t  design c o n s i s t s  of two b lanke t s  each 46 inches wide by 402 inches  

long, wi th  end l eade r s  extending beyond t h e  cel ls  a t  both ends. Each b lanket  c a r r i e s  

s i x  c i r c u i t s  each of 242 cells i n  series by 19 cel ls  i n  p a r a l l e l .  Each c i r c u i t  i s  

composed of twelve ser ies-connected modules (e leven wi th  20 series by 19 p a r a l l e l  and 

one wi th  22 series by 19 p a r a l l e l ) .  

f i l m  s u b s t r a t e  

which is  e tched  t o  form a conductor bus s t r i p  r i v e r - t r i b u t a r y  system, wi th  each 

c i r c u i t  feed ing  i n t o  the  main p o s i t i v e  and nega t ive  bus which i n  t u r n  connects t o  

t h e  power feedthrough a t  t h e  drum. Addi t iona l  bus s t r i p  runs were added t o  the  

s u b s t r a t e  t o  enable  i n s t a l l a t i o n  of high-and-low temperature range thermis tors  on 

the  p a n e l .  These a l s o  connect t o  the  feed-through s e c t i o n  of the  drum and the  

s i g n a l  s l i p  r i n g s .  A l l  connections from the  c e l l  s i d e  of t h e  s u b s t r a t e  t o  the  bus 

s t r i p  system are made around the  edges r a t h e r  than through holes  i n  t h e  s u b s t r a t e .  

These connections are made wi th  Schjel-Clad L-7510 which i s  bonded t o  the  Kapton 

s u b s t r a t e d  wi th  SMRD-745* adhesive and so ldered  t o  t h e  s o l a r  c e l l  modules on the  

f r o n t  and t h e  bus s t r i p s  on the  rear. The exposed copper bus s t r i p s  on the  rear 

s i d e  of t h e  s u b s t r a t e  are covered wi th  Kapton s i l i c o n e  adhesive p re s su re  s e n s i t i v e  

tape .  Foamed RTV 560 cushioning but tons  are depos i ted  on t h e  rear s i d e  of the  

These modules are bonded t o  a 2 m i l  Kapton-H 

This s u b s t r a t e  is  f a b r i c a t e d  from copper-clad Schjel-Clad L-75 10 

* SMRD-745 i s  a f l e x i b l e  epoxy formulated by General Electr ic  Co., Space Systems. 
It is  a v a i l a b l e  from Space Systems on a s p e c i a l  o rde r  b a s i s ,  
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s u b s t r a t e  a t  t h e  corners  of each s o l a r  cel l ,  

cushioning i n  t h e  stowed conf igu ra t ion ,  

These but tons  supply i n t e r l a y e r  

For economic reasons ,  t h e  RA250 engineer ing test model w a s  f a b r i c a t e d  wi th  p a r t i a l  

s o l a r  c e l l  coverage. The remaining area w a s  covered with dummy g l a s s  modules 

f a b r i c a t e d  from 0.011 x 0.750 x 0.750 i n .  p i eces  of Corning 0211 Microsheet j o ined  

toge the r  w i th  s t r i p s  of 1 / 4  i n .  wide Kapton s i l i c o n e  adhesive pressure  s e n s i t i v e  

tape .  

s o l a r  ce l l  modules wi th  t h e  t ape  providing a s imula t ion  of t he  bending s t i f f n e s s  

The g l a s s  p l a t e l e t  modules provided an accu ra t e  mass s imula t ion  of t h e  

of t h e  a c t u a l  s o l a r  c e l l  in te rconnec t ions .  

In  o rde r  t o  inco rpora t e  a r e p r e s e n t a t i v e  sampling of var ious  in te rconnec t ion  

approaches,  several recognized s o l a r  a r r a y  f a b r i c a t o r s  were i n v i t e d  t o  supply 

sample modules f a b r i c a t e d  wi th  e s t a b l i s h e d  product ion techniques.  Table 3.1-1 

lists each of t h e s e  modules a long with t h e  o v e r a l l  dimensions i n  the  series and 

paral le l  d i r e c t i o n .  The weight of each module r e f l e c t s  t h e  b a s i c  d i f f e rence  i n  

the  in t e rconnec t  des ign ,  The weight d i f f e r e n t i a l  column rep resen t s  t he  t o t a l  

weight d i f f e r e n t i a l  i f  t h a t  p a r t i c u l a r  module conf igura t ion  were used f o r  a f l i g h t  

a r r a y  (based on a nominal 19p x 20s module weight of 111 grams). The photo-etched 

in te rconnec t  designs would add s i g n i f i c a n t  weight t o  a f l i g h t  a r r a y ,  The s o l d e r l e s s  

i n t e rconnec t  approach furn ished  by Boeing i s  s l i g h t l y  l i g h t e r  than the  base l ine  GE 

module. Figure 3.1-3 shows a close-up photograph of t h e  f r o n t  and rear s i d e s  of 

a t y p i c a l  s o l a r  c e l l  w i t h i n  each of t h e  module conf igura t ions  descr ibed i n  

Table 3.1-1. Figure 3.1-4 shows the  layout  of t hese  active s o l a r  c e l l  modules 

on t h e  engineer ing  test  model b l anke t s ,  

wi th  SMRD-745. Figure 3.1-5 shows the  completed b lankets  be fo re  attachment t o  t h e  

These modules were bonded t o  t h e  s u b s t r a t e s  

s t o r a g e  drums, Close-up photographs of s e v e r a l  of t h e  modules on the  -Y blanket  

are shown i n  Figures  3,l-6 through 3,l-8. Figure 3.1-8 a l s o  shows the  method of 
3-6 
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(a) -Y Blanket @) +Y Blanket 

F igure  3 , l - 5  Array Blankets 

F igure  3 , l - 6  EOS Module Mounted on -Y Blanket Assembly 

3-11 



Figure  3.1-7 Hel iotek (near) GE No.  2 (middle) and Boeing ( f a r )  
Modules Mounted on -Y Blanket Assembly (VF 70121C) 

Figure 3.1-8 GE No. 1 ( l e f t )  and Centralab No, 1 ( r i g h t )  
Modules Haunted on -Y Blanket Assembly (VF70127C) 
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connecting two modules i n  t h e  series d i r e c t i o n .  The two main bus s t r i p s  a t  t h e  

drum end of t h e  b lanket  are v i s i b l e  through the s u b s t r a t e .  

3.1.3 SOLAR PANEL ACTUATOR 

The s o l a r  pane l  a c t u a t o r  is  a BI-STEM deployable boom designed and developed by 

SPAR Aerospace Products  Ltd. Figure 3 e 1-9 shows t h i s  component i s o l a t e d  and 

mounted on the cen te r  suppor t  s t r u c t u r e  between the drums. The boom element 

of the  BI-STEM u n i t ,  t h e  component which provides  t h e  a c t u a t i o n  f o r c e  f o r  deployment 

and forms t h e  primary s t r u c t u r e  i n  t h e  deployed conf igu ra t ion ,  has  a nominal 

diameter of 1.34 inches .  It is made up of two 301 s t a i n l e s s  s teel  s t r i p s ,  

wide and 0.007 inch  t h i c k ,  which are p r e s t r e s s e d  t o  form an overlapped tul 

deployed p o s i t i o n .  The BI-STEM p r i n c i p a l  is  shown schemat ica l ly  i n  Figu: 

The boom i s  s i l v e r - p l a t e d  on i ts  o u t s i d e  s u r f a c e s  t o  reduce t h e  temperature  

g rad ien t s  i n  t h e  boom when one s i d e  is  exposed t o  s o l a r  r a d i a t i o n  and t h e  o t h e r  

s i d e  is  i n  t h e  shadow. P r o p e r t i e s  of t h e  boom element (as suppl ied  by t h e  vendor 

are given i n  Table 3 1-2 e 

Table 3 1-2 e P r o p e r t i e s  of 1 (I 3 4 4 n c h  BI-STEM Element (Vendor Supplied) 

Weight p e r  Unit Length ( l b / i n . )  0,01624 

Bending S t i f f n e s s  ( E I )  ( lb- in2 min) 332 000 

370 000 Bending S t i f f n e s s  ( E I )  ( lb - in  2 max) 

Column Tors iona l  I n s t a b i l i t y  (1b) 22 

Se l f  Extension Force (1b) 12.15 

3-13 
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The motor gearhead is  an Airesearch  u n i t  that  has  been used i n  space.  The s o l a r  

pane l  a c t u a t o r  has  been sub jec t ed  t o  both component level random and s i n u s o i d a l  

v i b r a t i o n  

Responses were measured dur ing  v i b r a t i o n ;  ampl i f i ca t ions  of approximately f o u r  w e r e  

noted e 

t e s t i n g  on two occasions be fo re  i n s t a l l a t i o n  i n t o  t h e  r o l l u p  a r r a y  system. 

3 . 1 . 4  SLIP RING ASSEMBLY 

The s l i p  r i n g  assembly w a s  designed and f a b r i c a t e d  by Po ly -Sc ien t i f i c  Div is ion  of 

L i t t o n  P r e c i s i o n  Products ,  I n c .  A photograph of t h i s  component i s  shown i n  

Figure 3.1-11. 

Each s t o r a g e  drum conta ins  a s l i p  r i n g  assembly which func t ions  t o  t r a n s f e r  a r r a y  

power and s i g n a l s  ac ross  t h e  r o t a r y  j o i n t  between the  drums and t h e  c e n t e r  suppor t .  

The s t o r a g e  drums r o t a t e  approximately 15 t u r n s  to deploy o r  retract the  a r r a y .  

A summary of t h e  p e r t i n e n t  design d a t a  i s  l i s t e d  i n  Table 3.1-3.  

There are two power r i n g s  p e r  assembly as w e l l  as f o u r  s i g n a l  r i n g s .  

r i n g s  are used t o  r e t u r n  t h e  s i g n a l s  from two the rmis to r s ,  whi le  t h e  f o u r t h  i s  used 

t o  monitor t h e  a r r a y  bus vo l t age  on t h e  drum s i d e  of t h e  s l i p  r ings .  

Three of t h e s e  

3 e 1.5 STRUCTURAL COMPONENTS 

3 . 1 - 5  1 Storage Drum 

The two s t o r a g e  drums i n  t h e  system form t h e  primary s t r u c t u r e  f o r  t h e  stowed con- 

f i g u r a t i o n .  Each drum assembly inc ludes  a s h e l l ,  outboard end cap, inboard end 

cap, and edge guides .  Two d i f f e r e n t  drum conf igu ra t ions  were designed f o r  t h i s  

appl ica ton:  one u t i l i z i n g  a bery l l ium monocoque s h e l l  and t h e  o t h e r  f a b r i c a t e d  

wi th  a magnesium semimonocoque s h e l l .  For economic reasons ,  t he  magnesium s h e l l  

3-1 5 
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Figure  3 e 1- 10 The BI-STEM P r i n c i p l e  

F igure  3.1-11 S l i p  Ring Assembly (VF70731) 
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design was .  s e l e c t e d  f o r  use  on the  engineer ing  test model even though a t o t a l  weight 

pena l ty  of 2.0 l b  w a s  i ncu r red .  

The magnesium drum s h e l l s  are 47.10 inches  long,  0.032-inch t h i c k  s h e e t  magnesium 

r o l l e d  i n t o  an  8-inch diameter  cy l inde r ,  which i s  c losed  wi th  a lap-but t  j o i n t  

u t i l i z i n g  a 0.75-inch-wide s t r i p  of magnesium bonded wi th  Epon 934. 

The inboard end cap assembly, p i c t u r e d  i n  Figure 3.1-12 houses t h e  two main bear ings  

which al low t h e  s t o r a g e  drum t o  r o t a t e  wi th  r e spec t  t o  t h e  support  s h a f t .  

cons tan t  torque Negator s p r i n g  motor, which provides  t h e  b lanket  pre load  f o r c e ,  is  

mounted on t h e  inboard end cap wi th  t h e  output  spool  coax ia l  wi th  t h e  main bear ings .  

The s l i p  r i n g  assembly i s  then mounted t o  t h e  inboard end of t h i s  output  spool .  The 

brushes of t h e  s l i p  r i n g  assembly are wired t o  t h e  drum s h e l l  power feed-through 

as shown i n  Figure 3.1-12. 

The outboard end cap serves as t h e  suppor t ing  i n t e r f a c e  f o r  the  drum o u t e r  end 

during launch. 

outboard end suppor t .  

The 

It conta ins  a tapered  ho le  which mates with a tapered  plug i n  the  

Two edge guide f l anges  are mounted on each s t o r a g e  drum t o  provide c o n t r o l  f o r c e s  

t o  t h e  b l anke t  edge dur ing  r e t r a c t i o n .  

t o  rewrap a g a i n s t  e i t h e r  f l ange ,  t h a t  guide should apply c o r r e c t i v e  fo rces  t o  prevent  

t he  b l anke t  from extending  p a s t  the end of t h e  drum. 

I f ,  f o r  any reason,  t h e  b l anke t  should tend  

3.1.5,2 

The l ead ing  edge member (LEM) i s  t h e  s t r u c t u r a l  element a t  the  outermost edge of t h e  

b l anke t ,  

p re load  f o r c e  from t h e  a r r a y  s u b s t r a t e s  t o  t h e  boom. 

I n  the  deployed conf igu ra t ion ,  t h i s  member t ransmi ts  t h e  4-pound b lanket  

I n  the  stowed conf igu ra t ion ,  

3-1 8 



Figure  3.1-12 Inboard End Cap Assembiy 

F igure  3 e 1- 13 Outboard End Support (VF70157C) 
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t h e  LEM func t ions  t o  r e s t r a i n  t h e  o u t e r  b l anke t  wrap and t o  cage t h e  BI-STEM boom 

element.  The ends of t h e  LEM are supported by t h e  outboard end suppor ts  and t h e  

c e n t e r  s e c t i o n  i s  supported from t h e  a c t u a t o r  housing by two saddle- type b racke t s .  

With t h e  except ion  of t h e  s t a i n l e s s  steel boom p o s t ,  bea r ings ,  and a s s o c i a t e d  space r s  

a l l  p a r t s  are made from beryl l ium. 

cyc l inde r s  f a b r i c a t e d  from 0.020-inch bery l l ium s h e e t  bonded wi th  Epon 9 3 4 .  

The LEM i s  made up from two 50.1-inch-long 

The 

two cy l inde r s  are i n s e r t e d  i n t o  a center f i t t i n g  and bonded i n  p l ace .  This f i t t i n g  

a l s o  houses two instrument  bear ings  which mate wi th  t h e  s t a i n l e s s  s teel  boom p o s t .  

These bear ings  decouple t h e  a r r a y  b l anke t  from t h e  BI-STEM boom f o r  r o t a t i o n  about 

t he  boom axis. N o  bear ing  i n s e r t s  are requi red  because t h e  surrounding material i s  

steel  and bery l l ium whose c o e f f i c i e n t s  of thermal expansion are n e a r l y  t h e  same. 

3 , 1 . 5 . 3  Outboard End Support 

The outboard end suppor t ,  p i c t u r e d  i n  F igure  3.1-13, c o n s i s t s  of t h e  fo l lowing  major 

components: 

1. 

2, 

3 .  

4 .  

5. 

6 .  

7. 

Movable a r m  ass emb l y  

Hinge b racke t s  

Separa t ion  n u t  

Bolt ca tche r  

Hinge p i n  

Sep ara t i o n  b o l  t 

Spring 
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The movable arm assembly is  a machined magnesium weldment, This arm carries t h e  

s t a i n l e s s  s teel  t ape red  plugs which i n t e r f a c e  wi th  t h e  outboard end cap and 

leading  edge member. Attachment of t h e  movable arm t o  t h e  vehicle-mounted bracke t  

is  through a hinge j o i n t .  The t i t an ium hinge  p i n  i s  dry-f i lm-lubricated.  A t o r s i o n  

s p r i n g  which mounts on t h e  h inge  p i n  fu rn i shes  100 in . - lb  of torque i n  t h e  stowed 

conf igura t ion .  

s epa ra t ion  b o l t / b o l t  c a t c h e r  combination. 

The release of t h e  suppor t  is accomplished by a sepa ra t ion  n u t /  

The 3/8-24 s e p a r a t i o n  n u t  i s  a t t ached  

t o  t h e  movable arm and con ta ins  two e l ec t roexp los ive  p re s su re  c a r t r i d g e s .  Upon 

a p p l i c a t i o n  of t h e  r equ i r ed  power p u l s e  t o  t h e  br idgewires  of one o r  both of t hese  

c a r t r i d g e s ,  t h e  n u t  w i l l  open and p rope l  t he  sepa ra t ion  b o l t  i n t o  t h e  b o l t  ca t che r  

which is  mounted on the  s t a t i o n a r y  h inge  b racke t .  The t o r s i o n  s p r i n g  f o r c e s  the-  

movable arm t o  r o t a t e  about t h e  h inge  p i n  through an ang le  of approximately 10 

degrees .  The s t o r a g e  drum and leading  edge member are thus  r e l eased  t o  permit 

deployment of t h e  BI-STEM a c t u a t o r .  

3.1.5.4 Center  Support 

The cen te r  suppor t  c o n s i s t s  of a magnesium c e n t e r  tube,  two machined magnesium end 

f i t t i n g s  and two magnesium f a c e  s h e e t s .  A s  shown i n  Figure 3.1-14, t h e  c e n t e r  tube  

i s  pinned t o  t h e  end f i t t i n g s  and t h e  f ace  s h e e t s  are r i v e t e d  t o  t h e  tube  end 

f i t t i n g s .  

t oge the r  wi th  t h e  o t h e r  f a c e  s h e e t ,  t r ansmi t s  s h e a r  loads .  

provide the  i n t e r f a c e  pads f o r  t h e  v e h i c l e  s t r u c t u r e  and t h e  s o l a r  pane l  a c t u a t o r  

(BI-STEM). 

reasonable  alignment between the  s t o r a g e  drums and t h e  l ead ing  edge member and 

minimize end support  v e h i c l e  i n t e r f a c e  adjustment  a t  f i n a l  i n s t a l l a t i o n ,  

tube inco rpora t e s  an access ho le  which al lows e i t h e r  drum o r  t h e  s o l a r  pane l  

a c t u a t o r  t o  be  disassembled from t h e  c e n t e r  support  wi thout  t h e  removal of t h e  

One f ace  s h e e t  provides  f o r  t he  e lectr ical  connector i n s t a l l a t i o n ,  and 

The end f i t t i n g s  

Tolerances on a l l  i n t e r f a c e  s u r f a c e s  were s e l e c t e d  i n  o rde r  t o  achieve 

The c e n t e r  
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connectors  from the  harness .  The f i v e  connectors shown i n  Figure 3.1-14 (b) 

c a r r y  a r r a y  power from the s l i p  r i n g s ,  s i g n a l s  from the thermis tors  on t h e  b l anke t s ,  

and power t o  t h e  s o l a r  pane l  a c t u a t o r .  

3 .1 .6  MASS PROPERTIES SUMMARY 

The a c t u a l  weight breakdown f o r  t h e  engineer ing  pro to type  model is  shown i n  

Table 3.1-4, The t o t a l  weight of t h i s  model is  82.5 l b .  Based on t h i s  weight ,  t h e  

a r r a y  power-to-weight r a t i o  i s  2500/82.5 = 30.3  w a t t / l b .  For a f l i g h t  model, t h i s  

weight could be reduced t o  79.3  l b  ( o r  31 .3  wat t / l b . )  by the  implementation of t h e  

fol lowing changes as descr ibed  i n  Reference 1-5. 

1 .  Replace magnesium drum s h e l l s  wi th  bery l l ium.  

2.  Remove Schjel-Clad r e s i d u a l  adhesive on the  backside of t h e  b lanket .  
The f l i g h t  weight a l s o  t akes  i n t o  account t h a t  t h e  dummy g l a s s  
s imula ted  cel ls  are s l i g h t l y  heav ie r  than  a c t u a l  s o l a r  cel ls .  

The c a l c u l a t e d  va lues  f o r  t h e  c e n t e r  of mass and t h e  moments and products  of 

i n e r t i a  are t abu la t ed  i n  Table 3 1-5. 
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Table 3 1-4. Actual Weight Summary (Prototype Model) 

Nomenclature 

RA250 Pro  totype Assembly 

Center Support 

Leading Edge Member 

Boom Actuator 

LE M Support Brackets 

Outboard End Support 

Movable Portion 

Fixed Portion 

Bolt 

Drum Assembly 

Guide Flange 

Drum Shell 

Outboard End Cap Assembly 

Inboard End Cap Assembly 

Mounting Hardware (Drum-to-Center 

Prototype Array Blanket Assembly 

Prototype Array Blanket Assembly 

Support) 

Drawing No. 

473214519G2 

473218547 

- 
4732 18804 

63 & 6 4  

4 7D2 18 5 3 5 
63  & G4 

4 7 E2 18144 G4 

4732 18194G3 

47 E2 18544 
61 & G2 

47 52 18819 61 

47 52 1881962 

Unit 
Weight 

Ob ) 

- 
1.33 

0.85 

11.73 

0.11 

2.05 

1.31 

0.69 

0.05 

8.80 

0.38 

2.79 

0.45 

4.80 

- 

23.22 

23.36 

- 
Qty/ 
Next 
Assy 

- 
1 

1 

1 

2 

2 

1 

1 

1 

2 

2 

1 

1 

1 

- 

1 

1 

To tal  
Weight 

Ob ) 

82.5 

1,33 

0.85 

11.73 

0.22 

4.10 

- 

- 
17.60 

- 

- 
I 

- 

0.13 

23,22 

23.36 
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Table 3.1-5. Summary of Mass  Propert ies  

Center of Mass (Inches) 

X 

Y 

Z 

Moments of Inertia About Center of Mass 
(Slug- ft2) 

IQX 

'QY 

'QZ 

Products of Inertia About Center of Mass 
(Slug-ft2) 

'OXY 

'QXZ 

'QY Z 

Stowed 

-0.2 

0 

+om 9 

13.65 

0.46 

13.63 

0 

-0.008 

0 

Deployed 

+120 e 1 

0 

+ 3.1 

13.54 

338.89 

352.69 

0 

+ 1.826 

0 

The coordinate system is shown in Figure 1-1 
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3.2 SYSTEX PERFORMANCE 

3 (I 2 a 1 PREDICTED ELECTRICAL PERPORMANCE 

The power-to-weight r a t i o  of t he  RA250 system i s  based on genera t ion  of 2500 

w a t t s  of r a w  a r r a y  power while  ope ra t ing  a t  5 5 O C  under A i r  Mass Zero 1.0 AU 

i l l umina t ion  and o r i e n t a t i o n  w i t h i n  '10 - degrees of t he  sun. C e l l  e f f i c i e n c y  i s  

s p e c i f i e d  i n d i r e c t l y  by the  a rea  performance c r i t e r i a  of 10 w a t t / f t 2  of gross  

module a rea .  The c e l l  i s  s p e c i f i e d  as 8 m i l  t h i ck ,  2 by 2 cm,  wi th  "bar con- 

tacts" ( 3 , 8  cm2 a c t i v e  area pe r  ce l l ) .  F igure  3.2-1 shows t h e  normal subso la r  

a r r a y  I-V curve based on t h e  publ ished performance of these  cel ls .  This curve 

r ep resen t s  t h e  expected beginning-of - l i fe  r a w  a r r a y  c h a r a c t e r i s t i c  and includes a 

s i x  percent  r educ t ion  i n  s h o r t  c i r c u i t  cu r ren t  t o  provide f o r  coverglass  t r a n s -  

mission and o t h e r  l o s s e s .  

condi t ions  i s  2523 w a t t s  a t  102vdc. To a r r i v e  a t  t h e  maximum power a v a i l a b l e  a t  

the  e l e c t r i c a l  i n t e r f a c e  on the  c e n t e r  suppor t ,  t he  fol lowing d i s t r i b u t i o n  l o s s e s  

must be accounted f o r :  

The c a l c u l a t e d  maximum r a w  a r r a y  power under these  

1. Array b lanket  bus s t r i p  s e r i e s  r e s i s t a n c e  lo s ses .  

2. S l i p  r i n g  series r e s i s t a n c e  l o s s e s  inc luding  l i n e  l o s s e s  
w i t h i n  t h e  s t o r a g e  drum and c e n t e r  suppor t .  

3, So la r  ce l l  i n t e rconnec t  series r e s i s t a n c e  l o s s e s .  

The a r r a y  b lanket  c i r c u i t  bus s t r i p  series r e s i s t a n c e  l o s s e s  were measured on the  

engineer ing pro to type  models b lankets  w i th  t h e  r e s u l t s  shown i n  Table 3.2-1. 

The e f f e c t  o f  t h i s  combined series r e s i s t a n c e  i s  t o  reduce the  maximum power by 

51 w a t t s  a t  a 55OC ope ra t ing  temperature.  The e f f e c t i v e  s e r i e s  r e s i s t a n c e  of 
I 

t he  s l i p  r i n g s  and a s soc ia t ed  harness ing  w i t h i n  t h e  drum and c e n t e r  support  w a s  
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T a b l e  3.2-1 Summary of Bus S t r i p  R e s i s t a n c e  Measurements 

C IRCUI T* 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

L 

MEASURED RESISTANCE 
AT ROOM TEMPERATURE 

( OHMS ) 

1 .oo 

1.06 

0.93 

0.81 

0.89 

0.75 

0.89 

1.05 

0.91 

0.77 

0.91 

0 e 79 

* See F i g u r e  3.1-4 f o r  c i r c u i t  d e f i n i t i o n .  

RES I S  TANCE 
CQRREg TED 
TO 55 C 

(OHMS) 

1.12 

1.19 

1.04 

0.91 

0.99 

0.84 

0.99 

1.17 

1.02 

0 a 86 

1.02 

0.88 
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measured dur ing  t h e  system tes t  program, Based on these  requirements ,  a va lue  

of 0.02 ohms is  used as t h e  combined series r e s i s t a n c e  of  both power r i n g  c i r -  

c u i t s  of  a s l i p  r i n g  assembly. Therefore ,  the  t o t a l  s l i p  r i n g  loss a t  maximum 

power i s  6 w a t t s  f o r  t h e  e n t i r e  a r r a y .  

The series r e s i s t a n c e  l o s s e s  a s soc ia t ed  wi th  the  s o l a r  ce l l  in te rconnec t  w i l l  

vary  wi th  t h e  type  of in te rconnec t  conf igu ra t ion  u t i l i z e d .  

s i lver  expanded m e t a l  (2 Ag5-5/0) t h e  c a l c u l a t e d  loss  due t o  t h e  in te rconnec ts  i s  

n e g l i g i b l e  compared t o  t h e  o t h e r  series r e s i s t a n c e  l o s s e s  i n  the  system. 

For 2 m i l  t h i c k  

Accounting f o r  t hese  va r ious  a r r a y  l o s s e s ,  t he  maximum n e t  power a v a i l a b l e  a t  the  

e lec t r ica l  i n t e r f a c e  on t h e  c e n t e r  suppor t  i s  2466 watts.  

3.2.2 PERFORMANCE DURING SYSTEM TEST CYCLE 

3-2.2.1 General 

The performance of t h e  RA250 system w a s  monitored p e r i o d i c a l l y  throughout t h e  

course of t he  system tes t  program t o  check the  s t a t u s  of t h e  system a f t e r  each 

environmental  test .  This  i n spec t ion  denotes a h e a l t h  check cons i s t ed  of a de- 

t a i l e d  in spec t ion  of t h e  a r r a y  b lankets  f o r  breakage, a n  i n s p e c t i o n  of the  

s t r u c t u r a l  components f o r  damage, t he  measurement of  t he  e lec t r ica l  cha rac t e r -  

i s t ics  of  each a c t i v e  s o l a r  c e l l  module, and the  deployment and r e t r a c t i o n  of  t he  

a r r a y  t o  v e r i f y  t h e  performance of t h e  BI-STEM a c t u a t o r ,  s l i p  r i n g  assemblies ,  

and drum bear ing  system. The f i r s t  h e a l t h  check w a s  performed a f t e r  t he  RA250 

f i n a l  assembly and e s t a b l i s h e d  t h e  i n i t i a l  cond i t ion  of t he  t es t  specimen p r i o r  

t o  any environmental  t e s t i n g .  
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3 . 2 , 2 . 2  Module Performance and I n s p e c t i o n  

The e lec t r ica l  performance of the  active modules i s  t abu la t ed  i n  Table 3.2-2.  

From the  in spec t ions  conducted dur ing  t h e  course of t h i s  program t h e  maximum 

breakage which can be a t t r i b u t e d  t o  t h e  environmental  t es t  program has been 

summarized i n  Table 3.2-3.  This da t a  i s  der ived from Table 4.1-1 and Figure 

4.1-9 of Volume 11. Severa l  observa t ions  can be made based on these  r e s u l t s .  

e The stowed v i b r a t i o n  test  caused t h e  g r e a t e s t  breakage of c e l l s  
and coverglass .  

e The thermal vacuum test series caused t h e  l a r g e s t  percentage of  
broken g l a s s  p l a t e l e t s .  

The t o t a l  breakage numbers r e f l e c t  t h a t  t h e  g l a s s  p l a t e l e t s  are 
s i g n i f i c a n t l y  less vulnerable  t o  breakage than  e i t h e r  t h e  cel ls  
o r  coverglass  and t h a t  t h e  cel ls  are less vulnerable  than  the  
coverglass .  

The f a c t  t h a t  t h e  thermal vacuum tes t  w a s  t he  most severe  environment f o r  t he  

g l a s s  p l a t e l e t s  may be explained by the  f a c t  t h a t  t h e  a reas  of dumy g l a s s  were 

not temperature  c o n t r o l l e d  during t h e  dep loy / r e t r ac t  cyc les  and t h e r e f o r e  were 

co lde r  than  t h e  s o l a r  c e l l  modules. Also many l o c a l i z e d  areas of t h e  dummy g l a s s  

were a f f e c t e d  by a n  overhea t ing  cond i t ion  which occurred during t h e  stowed high 

temperature tes t .  Both of  t hese  f a c t o r s  could account f o r  t h i s  d i sp ropor t iona te  

percentage of  g l a s s  p l a t e l e t  breakage dur ing  t h i s  test .  

The r e l a t i v e l y  high v u l n e r a b i l i t y  of t h e  coverglass  i s  apparent  from the  inspec-  

t i o n  r e s u l t s .  There i s  no breakage p a t t e r n  t o  i n d i c a t e  a poss ib l e  cause f o r  

t h i s  high p ropor t ion  of damage, a l though the re  are a few examples of p a r a l l e l  ad-  

j acen t  coverglass  w i t h i n  a module row which have cracked i n  a d i r e c t i o n  p a r a l l e l  

t o  the  a x i s  of t h e  s t o r a g e  drum, Two examples of t h i s  type of cracking p a t t e r n  
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Table 3,2-2. Maximum Power Measurement 

Hea l th  Check No.  

Module 0 

K 1 1  

H7 

E6 

G7 

H 1  

I 7  

J 6  

K12 

B12 

D 1 1  

D12 

GEIl 18.3 

GE 112 18.5 

GE 113 16.6 

Heliolek 17 5 

Spec t ro lab  11.0 

Boe i n g  16.8 

EOS 16.9 

Cent ra lab  17.4 
11 1 

Sub to ta l  133.0 

Cent ra lab  -- 
112 

Cent ra lab  -- 
113 

Cent ra lab  -- 
114 

TOTAL 

1 

18.0 

18.25 

16.2 

17.9 

10.7 

16.6 

17.3 

17.2 

132 e 1 

s- 

-_ 

m 
V 

.I4 

(d 
E 
R n 
T3 
a, 
h 
0 
4 
a 
a, n 

2 

17.8 

18.5 

16.3 

18.4 

11.3 

16.8 

17.2 

17.5 

133.8 

18.4 

17.7 

18.3 

3 4 

18.0 

17.7 

15.6 

17.2 

10.4 

15.9 

13.0 

2 17.4 
E a 
$4 
1 m 
nl 3 125.2 

m 
.lJ 

18.1 

17.0 

18.0 

(Watts) 

5 

17.6 

18, l  

16.2 

17.5 

10.8 

16.0 

13.5 

17.1 

126.8 

17.6 

17.7 

18.9 

6 

18,3 

18.6 

15.7 

17,3 

10.9 

16.3 

13.4 

17.6 

128.1 

17.6 

16,9 

18-0 

7 

18.4 

18.4 

15,4 

17.5 

11.5 

16.4 

12.2 

17.5 

127.3 

18.2 

16.7 

18.1 

188 2 178,3 181.0 180.6 180.3 

5 
0 r: 
v3 

0 
k 
h 
PI 
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Table 3.2-3 Breakage Resul t ing  from Environmental T e s t  Program 

Pyro Shock 

Thermal Vacuum 

Acoustic 

Stowed Vibra t ion  

35 Ambient 
Deploy/Retract 
Cycles 0.008 0 s 100 

TOTAL 
BREAKAGE 0 -469 1 e 750 

Percent  
Broken 
Cover las s 

0.100 

0.825 

0.225 

1.975 

0.125 

3.250 

* Does not  inc lude  damage known t o  be caused by handl ing and 
ins t rumenta t ion  i n s t a l l a t i o n  and removal. 
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occurred on an  inboard module (K12), 

cushioning between the  s t o r a g e  drum s h e l l  and the  f i r s t  wrap of s o l a r  cel ls ,  

This  may be a n  i n d i c a t i o n  of i n s u f f i c i e n t  

The r e s u l t s  i n d i c a t e  t h a t  t h e  ce l l / cove rg la s s  canpos i t e  i s  not  as r e s i s t a n t  t o  

damage as a corresponding g l a s s  p l a t e l e t  mass s imula t ion  which is  .011 inches 

th i ck ,  

caseso The two modules wi th  t h e  most coverg lass  breakage are K12 and H1 ,  l oca t ed  

a t  t he  inboard and outboard ends of  t he  -Y b lanke t ,  r e spec t ive ly .  The H l  module 

a l s o  has  the  l a r g e s t  percentage of  ce l l  breakage. This  would tend t o  i n d i c a t e  

t h a t  t h e  environment which produces breakage is  more seve re  a t  both the  i n n e r  and 

o u t e r  wraps of  t h e  stowed ar ray .  It i s  c e r t a i n  t h a t  t h e  p o t e n t i a l  f o r  handl ing 

damage i s  g r e a t e r  on t h e  o u t e r  wrap, 

The .003 in .  t d i c k  coverg lass  cracked independent ly  of t h e  c e l l  i n  many 

Module J6 s u f f e r e d  ex tens ive  in te rconnec t  damage which was r e f l e c t e d  by a 29.5  

percent  r educ t ion  i n  t h e  maximum power, This  damage occurred as a r e s u l t  of t h e  

thermal vacuum tes t  series, F igure  3.2-2 shows examples of the  va r ious  type of 

damage which occurrgd w i t h i n  t h i s  module. The ma jo r i ty  of t h i s  damage occurred 

w i t h i n  t h e  area of t h e  module which was a f f e c t e d  by t h e  l o c a l i z e d  overhea t ing  

dur ing  the  stowed high temperature thermal vacuum tes t .  The temperature i n  t h i s  

area w a s  high enough t o  m e l t  t h e  s o l d e r  and cause the  t o p  contac t  f e e t  t o  l i f t  as 

shown i n  Figure 3,2-2 (d). The damaged p i c t u r e d  i n  f i g u r e  3,2-2 (a) and (b) i s  a 

s i l i c o n  f lake-out  a t  t h e  f o o t  which i s  i n d i c a t i v e  of a low temperature f a i l u r e  

mechanism, It is p o s s i b l e  t h a t  t h e  f r a c t u r e d  conductor i n  (c) was caused by 

snagging on a cushioning bu t ton  on t h e  ad jacen t  wrap. 

Some in te rconnec t  damage on t h e  H 1  module w a s  observed a f t e r  t h e  stowed v i b r a t i o n  

tes t ,  Figure 3 ,2 -3  shows examples of t he  types of f a i l u r e ,  The l i f t e d  f e e t  
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(a) Fractured Interconnect Foot 

(b) Lifted Interconnect Foot 
Figure 3,2-3,  Damage i n  H 1  Module 
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occurred ad jacent  t o  a c e l l  which was n o t  s e c u r e l y  bonded t o  the s u b s t r a t e ,  The 

f r ac tu red  conductor p i c t u r e d  i n  (a) w a s  a t  t h e  edge of t h e  module. 

One example of a n  in te rconnec t  r e l a t e d  f a i l u r e  w a s  a l s o  observed i n  t h e  67 Module 

fol lowing the  stowed v i b r a t i o n  tes t .  This f r a c t u r e  of t h e  c e l l  around a top con- 

nec t ion  is  p ic tu red  i n  Figure  3.2-4, 

For comparison purposes r e s u l t s  from two previous l igh tweight  s o l a r  a r r a y  deve- 

lopment programs a r e  summarized. Reference 1-8 summarizes the  r e s u l t s  of a pro-  

gram which included random and s inuso ida l  v i b r a t i o n  environments and thermal 

vacuum tests of a n  a r r a y  panel  u t i l i z i n g  s t r e t c h e d  f i b e r g l a s s  tape  s u b s t r a t e  and 

beryl l ium frames e Resul t s  a r e  summarized i n  Table 3.1-4. 

The second program is documented i n  Reference 1.9.  The a r r a y  assembly is  a 50 

square f e e t  two boom Rollup S o l a r  Array and it  w a s  subjec ted  t o  stowed v i b r a -  

t i o n  and thermal vacuum tests,  Resul t s  are summarized i n  Figure 3.2-5 and 

Tables 3.2-5 and 3,2-6, 

3,2,2,3 
. 

-STEM performed i t s  func t ion  throughout t h e  program. Problems a s soc ia t ed  

wi th  i t  are descr ibed i n  t h e  fol lowing paragraphs.  There are t h r e e  microswitches 

w i t h i n  the  BI-STEM a c t u a t o r  which perform the  fo l lowing  funct ions:  

(1) F u l l  re t rac t  l i m i t  swi tch  - This  switch is  ac tua ted  by a ramp 
a t  t h e  top  of t he  rod t o  remove power from t h e  motor when t h e  
rod reaches the  f u l l y  r e t r a c t e d  pos i t i on .  
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Figure 3,2-4. Frac tured  C e l l  a t  Foot i n  G7 Module 
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TABLE 3 , 2 4  

TEST RESULTS FOR STRETCJBD FIBERGLASS SUBSTRATE SOLAR ARRAY PANEL 
(From Boefng Lightweight Solar .Pane1 Development Program) 

A a ELECTRICAL PE.RFORMANCE 

Corrected t o  55' C 

B. DAMAGE MAP 

T e s t -  
Module 

3 

5 

7 

9 

10 

11 
lota l  

3 

23,5 

25,3 

25.2 

24.5 

24 .1  

24.4 

47 .O 
_____I 

4 

24.7 

24.7 

25.0 

24.6 

23 "9 

24.6 

147.5 

NOTE: Resu l t s  from t h e  f i r s t  two tests were 25% low 
and could no t  be dup l i ca t ed  through c o n t r o l l e d  
a p p l i c a t i o n  of p o s s i b l e  e r r o r s .  

- - ._ . 

ck  View) 

NOTE: There are 6480 each of cel ls  - lg- 

T d t a P  38CG - Coverglass Cracks 
20C - C e l l  Cracks and coverglasses  on t h e  pane l ,  
8P - P i g t a i l  Breaks 
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8 

7 

6 

5 

4 

3 

2 

1 

0 

0 1 2 3 4 5 6 7 8 9 10 

TEST Mu (See Table 3,2-5 f o r  d e f i n i t i - n )  

Average Group 4 

Figure 3,2-5, E l e c t r i c a l  Performance (From Ryan So la r  Array Program Report) 
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T e s t  
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Table 3.2.5 I d e n t i f i c a t i o n  of T e s t  Number 

(Reference F igure  3,2-5) 

Date - 
10-6-67 

10-6-67 

10- 18-6 7 

10-18-67 

10-20-67 

10-20-6 7 

10-31-67 

2-6-68 

2-16-68 

4-11-68 

T e s t  - 
*After f i n a l  assembly 

Af te r  f i r s t  r e t r a c t i o n  and deployment 

Af t e r  second r e t r a c t i o n  and deployment 

Af t e r  t h i r d  r e t r a c t i o n  and deployment 

Af t e r  fou r th  r e t r a c t i o n  and deployment 

A f t e r  f i f t h  r e t r a c t i o n  and deployment 

P r i o r  t o  s i n e  v i b r a t i o n  test  

*Pr ior  t o  random v i b r a t i o n  test  

*After random v i b r a t i o n  test 

*After thermal vacuum test 

* Measured wi th  c e n t e r  suppor t  r o l l e r s  on f i x t u r e .  
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a3 N 4  W b M O O  

6 0 0 0 0 0 0 F l 0 0 0  

N 6 F l 0 0 0 F l 0 0 0 0  

o o o o o o o F l o o o o o o  

b 0 d 0 0 0 0 M N 0 F l 0 0 0  
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(2) Orbital retract limit switch - This switch is actuated by a roller 
which falls into a slot in the rod element to remove power from the 
motor when the rod reaches the orbital retract position (approxi- 
mately 4 inches from fully retracted). 

(3) Full extend limit switch - This switch is actuated by a roller which 
falls into a slot in the rod element to remove power from the motor 
when the rod reaches the fully extended position. 

At the conclusion of the testing program none of these switches was operable. 

The full retract limit switch mounting bracket was out of adjustment as it became 

loose during the course of the testing program. Since its function was not vital 

to the actuation of the BI-STEM no effort was made to repair or adjust this 

switch. The orbital retract limit switch roller actuator broke off during an 

ambient deploy/retract of the BI-STEM onMarch 20, 1970. Figure 3.2-6 shows the 

location of this switch in the BI-STEM actuator housing. The roller which falls 

in the slot in the rod element is attached to a AZ31B-H24 magnesium bracket with 

a spring pin as shown in the detail sketch. This bracket is, in turn, riveted to 

a 302 stainless steel leaf spring which deflects to depress the microswitch button. 

The point of fracture was at the root of the bracket at the outermost rivet hole. 

The most probable cause of this failure is fatigue damage due to an inadequate 

section moment of inertia to accommodate the cyclic bending loads imposed during 

the component vibration test. The stress concentration at the rivet hole was 

probably a major contributing factor. 

is shown on Figure 3,2-6 to illustrate that an adequate fix is not complicated. 

On June 5, 1970 an identical failure of the roller bracket on the full extend 

limit switch was discovered while attempting to deploy the BI-STEPI following the 

Z axis stowed vibration test. This switch is located adjacent to the orbital 

retract limit switch and is actuated in exactly the same manner, 

A possible redesign of this roller bracket 
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On June 17, 1970 a fatigue crack in the BI-STEM rod outer element was discovered 

while preparing for the 42 cycle life demonstration following the stowed vibra- 

tion test. This 1/8 in. long crack is located approximately 7 1/8 in. down from 

the centerline of the leading edge member at the edge of outer element on the +Y 

side of  the rod, No change was detected during and after the life demonstration, 

This crack did not affect the function of the BI-STEM. Except for the failure of 

the switch actuators, the BI-STEM performed its function in the system through- 

out the test program. There was a general increase in the noise level on the 

BI-STEM motor current as the program progressed. 

The largest change occurred as a result of the thermal vacuum low temperature 

deploy/retract cycle. 

deploy or retract at ambient conditions increased as a result of the low tempera- 

ture deploy/retract cycle, Since that increase, however, the total times to de- 

ploy or retract at ambient conditions have remained relatively constant, 

It is also apparent from the test data that the time to 

3.2.2.4 Slip Ring Performance 

At the beginning of the test program, the slip ring resistance remained constant 

as the storage drums turned during array deployment and retraction, Some slip 

ring dynamic resistance change was first recorded during the low temperature 

deploy/retract cycle, Similar fluctations, along with a slight overall increase 

in resistance, were recorded during the high temperature deploy/retract cycle. 

The first ambient deployment following the stowed vibration test produced rela- 

tively large fluctations in resistance with spikes which corresponded to the 

period of rotation of the storage drums, After 35 ambient deploy/retract cycles, 

the magnitude of these fluctations in resistance had decreased substantially, 

The periodic nature of the changes in resistance indicates the possibility of 
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d i r t  on t h e  power r ings  which w a s  g radua l ly  removed by the  brushes as the  a r r a y  

was deployed and r e t r a c t e d  during the  35 cycle  l i f e  demonstration, There has 

been no s i g n i f i c a n t  i nc rease  i n  the  s t a t i c  r e s i s t a n c e  of t he  power r ings  as a 

r e s u l t  of t h e  environmental  tes t  program. 

THINISTOR* type the rmis to r s  were bonded t o  t h e  a r r a y  s u b s t r a t e  and used t o  

monitor s o l a r  ce l l  module temperature during t h e  thermal vacuum tes t .  These 

devices  were s e l e c t e d  as the  t ransducer  b e s t  s u i t e d  f o r  f l i g h t  use  but  i t  w a s  

recognized t h i s  a p p l i c a t i o n  w a s  d i f f e r e n t  from the  normal use  of t h i s  device.  

Review of t he  performance of t h e  devices  i n d i c a t e s  they  were damaged during 

i n s t a l l a t i o n  i n  t h a t  a r e s i s t a n c e  change occurred which would a l t e r  the  

c a l i b r a t i o n .  Fu r the r  r e s i s t a n c e  changes occurred during t h e  thermal vacuum 

t e s t ,  probably because t h e  ageing temperature was exceeded. A t  t h i s  t i m e  

they are not  a n  acceptab le  temperature t ransducer  f o r  t h i s  app l i ca t ion .  

* Trademark oE Victory Engineering Corp,, S p r i n g f i e l d ,  N,  J, 
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3 . 3  SYSTEMS TESTS 

3,3,1 DEPLOYED DYNAMICS TEST 

3.3.1.1 In t roduc t ion  

The purpose of t he  deployed dynamics tests was t o  provide da t a  on t h e  dynamic 

c h a r a c t e r i s t i c s  of t h e  deployed r o l l u p  a r r ay .  

w i th  the  a n a l y t i c a l  r e s u l t s  t o  v e r i f y  t h e  mathematical models generated i n  e a r l i e r  

phases of t h e  program o r  t o  provide information t o  improve t h e  mathematical models. 

The l i n e a r i t y  of t h e  system response t o  d i f f e r e n t  e x c i t a t i o n  l e v e l s  was t o  be 

determined. Data on damping was t o  be obtained f o r  use  i n  f u t u r e  des igns  and 

analyses .  

It was t o  be used i n  a comparison 

It was recognized t h a t  t h i s  test  was unusual and t h a t  s e v e r a l  problems had t o  be 

solved p r i o r  t o  t e s t i n g .  The e f f e c t s  of g r a v i t y  were known t o  be l a r g e  and had 

t o  be taken i n t o  account i n  the  s e l e c t i o n  of t h e  tes t  approach. The l a r g e  sur -  

face  a rea  of t h e  a r r a y  would produce s i g n i f i c a n t  aerodynamic forces .  The n a t u r a l  

f requencies  of t he  system a r e  below t h e  ope ra t ing  range of convent ional  v i b r a t i o n  

t e s t  equipment and it was a n t i c i p a t e d  t h a t  very slow sweep r a t e s  would be needed 

t o  determine n a t u r a l  f requencies .  Conventional accelerometers  and o the r  v i b r a t i o n  

ins t rumenta t ion  a r e  not  s u i t a b l e  f o r  t h e  low frequency, l a rge  displacement motion 

involved i n  t h i s  t e s t  and would a f f e c t  t h e  mass d i s t r i b u t i o n  of t h e  t e s t  specimen, 

A d e t a i l e d  d i scuss ion  of t h i s  test  i s  contained i n  Volume 11, Sec t ion  4 . 3 .  

3-47 



3.3.1.2 

The approach t o  t h e  tes t  was t o  c a r r y  out  an  in t eg ra t ed  e f f o r t  involving the  

development of test techniques,  t h e  a n a l y s i s  of t h e  a r r a y  i n  t h e  test configura-  

t i o n ,  t h e  i d e n t i f i c a t i o n  of ins t rumenta t ion  and equipment requirements,  t he  pro- 

curement of new ins t rumenta t ion  and v i b r a t i o n  test equipment, and the  des ign  and 

f a b r i c a t i o n  of t h e  f i x t u r e s  needed f o r  t he  test .  Development of t he  test  tech-  

niques s t a r t e d  i n  e a r l y  1968 and continued through t h e  procurement and checkout 

of  t he  new equipment. The test  plan included t h e  measurement of t he  n a t u r a l  f req-  

uenc ies ,  mode shapes,  l i n e a r i t y ,  and modal damping f o r  both in-plane and out-of- 

plane motion of t he  a r r a y .  

It was concluded t h e  b e s t  approach t o  t h e  g r a v i t y  forces  was t o  test  t h e  system 

i n  a manner where t h e  e f f e c t s  of g r a v i t y  could be adequately included i n  t h e  

mathematical model. Cor re l a t ion  of t h e  test  r e s u l t s  i n  g rav i ty  wi th  a mathe- 

ma t i ca l  model t h a t  included g r a v i t y  would provide confidence t h a t  t h e  a n a l y s i s  

could be extended t o  t h e  zero g r a v i t y  case  wi th  good r e s u l t s .  

ment was t o  deploy the  a r r a y  v e r t i c a l l y  downward and e x c i t e  t h e  system wi th  motion 

a t  t he  c e n t e r  support .  The deployed t e s t  Length of  26 f e e t  was determined by the  

work space below the  l i d  of t h e  vacuum chamber. This  arrangement provided a f r e e  

boundary cond i t ion  a t  t h e  lead ing  edge member which i s  t h e  boundary condi t ion  

which w i l l  e x i s t  i n  a n  o r b i t i n g  app l i ca t ion .  

t ens ion  due t o  t h e  fo rce  of g r a v i t y  but a r e  supported by the  r e l a t i v e l y  r i g i d  

drums. The Negator sp r ing  motors were supplemented wi th  support  a i d s  t h a t  i nd iv id -  

u a l l y  appl ied  torque t o  the  drums t o  compensate f o r  t he  weight of t he  b lankets .  

The drums were allowed t o  r o t a t e .  

The t e s t  arrange-  

The b lankets  w i l l  have an  inc reas ing  
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To e l imina te  aerodynamic e f f e c t s ,  t h e  tests were conducted i n  a vacuum chamber 

w i t h  a n  ambient pressure  of less than  fmm Hg. 

A DC coupled e x c i t e r  s u i t a b l e  f o r  vacuum o p e r a t i o n  w a s  used f o r  t h e  test. Auxil-  

i a r y  equipment t o  provide s t a b l e  s i n u s o i d a l  motion down t o  0.008 Hz and 0.0025 

inches  motion (double amplitude) was procured. A sweep r a t e  c a p a b i l i t y  down t o  

10 seconds p e r  decade was included. 6 

Array displacements were measured w i t h  Optron Model 800 o p t i c a l  t r a c k e r s  modified 

t o  a l low ope ra t ion  i n  vacuum. The t r a c k e r s  have no phys ica l  con tac t  wi th  the  t e s t  

specimen and have t h e  c a p a b i l i t y  of measuring displacements  i n  two d i r e c t i o n s  over  

t h e  frequency range from DC t o  10 KHZ. The s e n s i t i v i t y  of t h e  u n i t s  i s  a func t ion  

o f  t h e  l ens  system; t h e  s e t u p  used f o r  t h e s e  tests had t h e  c a p a b i l i t y  of  reso lv-  

i ng  motions a s  small a s  .001 inch. A t o t a l  of e i g h t  t r a c k e r s  was used f o r  t h e  t es t .  

Two were focused on t h e  ends of t h e  lead ing  edge member and were f ixed .  S i x  were 

mounted on a scanning bar  which t r ave r sed  t h e  l eng th  of t h e  system and could be 

pos i t ioned  a t  t e n  equal lyspaced  span loca t ions .  

on t h e  c e l l  s i d e  of t h e  s o l a r  a r r a y  b l anke t s  t o  provide t h e  c o n t r a s t  needed f o r  

t h e  ope ra t ion  of  t h e  t r a c k e r s ,  

White paper t a r g e t s  were mounted 

The phys ica l  arrangement of t h e  tes t  i s  shown i n  F igure  3.3-1 which i s  a ske tch  

of  t he  c r o s s  s e c t i o n  of t h e  se tup  i n  the  32 f o o t  by 54 foo t  Space Simulator  a t  

t he  General E lec t r ic  Val ley Forge Space Center .  The l o c a t i o n s  of t h e  o p t i c a l  

t r a c k e r s  a r e  conceptual  and a r e  not  s p e c i f i c a l l y  c o r r e c t  w i t h  r e spec t  t o  l o c a t i o n  

o r  number. The a r r a y  is suspended from t h e  support  f i x t u r e  which inc ludes  a 

l i n e a r  bear ing  system t h a t  can be arranged t o  provide motion i n  e i t h e r  of two 
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Figure 3.3-1,  Deployed Dynamics Test Set-Up 
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d i r e c t i o n s  i n  t h e  h o r i z o n t a l  plane or r o t a t i o n  about a v e r t i c a l  axis. The test  

d a t a  flow i s  shown i n  F igure  3 . 3 - 2 .  

3 . 3 . 1 . 3  

The sequence of  t es t s  i s  shown i n  Table  3 , 3 - 1 ,  Tes t ing  was c a r r i e d  ou t  i n i t i a l l y  

i n  a i r  t o  o b t a i n  pre l iminary  da t a  and then  i n  vacuum. Resonant f requencies  are 

summarized i n  Table 3 . 3 - 2 .  Mode shopes were determined w i t h  one example of t h e  

r e s u l t s  shown i n  F igure  3 . 3 - 3 .  Experimental  damping c o e f f i c i e n t s  are t abu la t ed  

i n  Tables  3 .3 -3  and 3 . 3 - 4 ,  

Exce l l en t  agreement w i t h  a n a l y s i s  was obtained for t h e  f i r s t  bending mode of t h e  

system (out-of-plane symmetric e x c i t a t i o n ) ,  F igure  3.3-4  shows t h e  p red ic t ed  

response ( f o r  a dainping r a t i o  of 0 .025  ) a t  80% span and a t  t h e  outboard edge of 

t h e  b lanket .  A p l o t  of d a t a  a t  t h i s  po in t  f o r  a slow sweep through t h i s  resonance 

i s  shown i n  F igure  3 . 3 - 5 .  The measured va lue  of damping i s  approximately . 003 .  

Note t h e  very  long t i m e  requi red  t o  sweep through t h i s  resonance ( 7 1  minutes) ,  

Very slow sweep r a t e s  a r e  requi red  f o r  modal v i b r a t i o n  tests of a l i g h t l y  damped 

s t r u c t u r e  w i t h  a low n a t u r a l  frequency. A n a l y t i c a l  and experimental  da ta  do not  

agree  a s  w e l l  f o r  t h e  h igher  modes. Addi t iona l  r e s u l t s  are presented  and d i s -  

cussed i n  S e c t i o n  4 . 3  of  Volume 2 of t h i s  r e p o r t .  

3 3 2 ENVIRONMENTAL TESTS 

The RA250 Engineering Prototype Model was subjec ted  t o  a r igorous  environmental  

t e s t  program which included t h e  fol lowing tests: 

1, Pyrotechnic  Induced Shock Test 

2 ,  Thermal Vacuum Test S e r i e s  
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Tab1 e 3 3-1 T e s t i n g  Sequence 

Test Axis 

Xlt-of-Plane (Symmetric) 
5-Axis Excitation 

)ut-of-Plane (Antisymmetric) 
Forsional Excitation About 
<-Axis 

n-Plane Motion 
‘-Axis Excitation 

tatic 

Test Description 

Ambient Sweep Test (0.1 IIz to 2.8 HZ) 

Sweep Test in Vacuum (0.13 Hz to 1.0 Hz) 

Resonance Dwells in Vacuum 

Linearity Checks and Damping Measurements in 
Vacuum 

Ambient Sweep Test with Leading Edge Member 
Removed 

Vacuum Sweep Test with Leading Edge Member 
Removed 

Vacuum Resonance Dwell with Leading Edge Member 
Removed 

Ambient Sweep Test (0.05 Hz to 1.0  Hz) 

Sweep Test in Vacuum (0.15 Hz to 1.0 Hz)  

Resonance Dwell in Vacuum 

Narrow Band Sweep Tests  in Vacuum 

Linearity Checks and Damping Measurements in 
Vacuum 

Movies of Resonance Dwells 

Ambient Sweep 

Ambient Sweep Modified 
Tension Distribution a t  the Leading Edge 

- _.-- . 

Ambient Sweep Test (0,l Hz to 2.3 Mz) 

Sweep Tcst in Vacuum (0.6 Hz to 1.6 Hz)  

Ambient Sweep with Drums Locked 

Mapping of Static Shape of System 

Date 

3-30 

3-31 

4-1 & 
4-2 

4-1 & 
4-2 

4-9 

4-10 

4-10 

4-3 

4-4 

4-6 

4-7 

4-7 

4-8 

4-8 

4-8 

4-8 

4-9 

4-9 

4-9 
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TABLE 3.3-2 

SUMMARY OF RESONANT FREQUENCIES 
FROM DEPLOYED DYNAMIC TESTS 

A. Out-of -Plane 

Symmetric Excitation 

Ambient 
Vacuum 

Be Out-of -Plane 

Ant-Symmetric Excitation 

Ambient 
Vacuum 

C. In-Plane Excitation 

Ambient 
Vacuum 

M O D E  
Measured 

1 2 3 

.16 .55 

.252 .632 .781 

Frequency (Hz) 

N U M B E R  
Predict e d* 

1 2 3 

Jck 

.248 .55 .94 

* 12 .50 .99 * 
-174 .65 .74 .232 .58 96 

1.00 
1,015 

** 
e 38 

* Blanket membrane modes omitted 

** No analysis was made which included aerodynamic effects 
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TEST RESULTS 
' fn -0.251 HZ 

ANALYSIS RESULTS 
fn 0.248 HZ 

Figure 3.3-3  Mode Shape -. F i r s t  Mode-Out-of-Plane Symmetric Exc i t a t ion  
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TABLE 3.3-3 

DAMPING COEFFICIENTS FOR OUT OF PLANE MODES - 
SYMMETRIC EXCITATION 

Modal Frequency 
(Hz) 

0,251 

0.632 

0.781 

Method 1 
a b 

-003 .0042 

e 0053 

Damping Coef f i c i en t s  

Method 2 
Input Level 

i n .  DA 

.025 .003 

* 050 0055 

0.10 .0275 

0.20 e 0226 

Method 3 

.0055 

Notes: Method 1 determined from decay of motion. a i s  decay from 

response t o  s t e p  input  and b i s  decay from dwells a t  a na tu ra l  

frequency, 

Method 2 i s  determined from frequencies  of peak in-phase response 

t o  a slow s inuso ida l  sweep. 

Method 3 i s  determined from comparison of response w i t h  a n a l y t i c a l  

responses e 
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TABLE 3.3-4 

DAMPING COEFFICIENTS FOR OUT OF PLANE MODES - 
ANTI SYMMETRIC EXCITATION 

Mode Frequency 
(Hz) 

.178 

178 

e 65 

e 74 

Method 1 
a 

,0069 

b 

0060 

.0054 

0 037 
e 043 

Damping Coef f i c i en t s  

Input  Level Method 2 
i n  D,A. 

0.0025 

0 0050 

0.01 
0.05 
0.10 
0.25 

0.01 
0.05 
0.10 
0.25 

e 010 
0 010 
B 011 
.012 

015 
015 
.018 
* 019 

3-57 



0 

W 
# 

P 

3NOdW03 3SVHd NI 

i NINO d wo 3 ltl n i w  a vno 

3-58 

t- 
ZI w 

0 
4 
-I a 
v, 
a 

w 
v, 
4 a 
LL 
0 

I 
O 
2 

cy: 
W a 
n 
2 
0 
I- 
O 
W 
cy: 

e 
H 

H 

H 

H 
n 
N 
v 

!z 
E 
W 

O 
4 
-I 
n 
m 
L3 

I& 
0 
v, 
W 
I 
V 
2 

W 
v, z 

m 
W e 

H 

H 

s? 

a) G 
m 
rl 

w 
0 
8 
U 
7 
0 

9: 

n c 
m a 
EA 

e 
0 ca 
W 

U 

4 
m 
rl 
F9 
w 
0 

a) 
bo 
5 w 
5 
)-I 
m 
0 
P u 
7 
0 
U 
m 

Y 
m 
m 
e 

a) 
M 
1 M 
.d 
Fr 



OUT Q RANE 

2.67 

D IS  PUCEMERlT 
IN. 
IDA) 

9.61 

D I 5 B U C M N T  
IN. 
(DAJ 

2.67 

Figure 3,3-5. R e s u l t s  of Narrow Band Frequency Sweep 
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3. Acoust ic  Noise T e s t  

4 .  Stowed Vib ra t ion  Tes t  

These tests were performed i n  t h e  o rde r  l i s t e d ,  w i th  in te rvening  h e a l t h  checks a s  

shown i n  F igure  1-2. 

3.3.2.1 

3.3.2.1.1 I n t r o d u c t i o n  

The pyrotechnic  induced shock tes t  was conducted by s imultaneously f i r i n g  both 

sepa ra t ion  n u t s  (each armed wi th  two a c t i v e  squibs) on t h e  outboard end suppor ts .  

The response of t h e  sys temwas  determined through t h e  use of shock spec t r a  analy-  

sis  t o  determine t h e  n e c e s s i t y  f o r  f u r t h e r  shock type t e s t i n g  t o  syn thes i ze  t h e  

s p e c i f i e d  shock pulse  shown i n  Figure 3.3-6. 

A d e t a i l e d  d i scuss ion  of t h i s  test i s  contained i n  Volume 11, Sect ion  4 . 4 .  

3.3.2.1.2 Summary of R e s u l t s  

The a r r a y  s t r u c t u r e  su f fe red  no v i s i b l e  o r  o p e r a t i o n a l  damage a s  a r e s u l t  of t h i s  

shock environment. The r e s u l t s  of t h e  h e a l t h  check a r e  d iscussed  i n  Volume 11, 

Sect ion  4.2. 

3.3.2.1.3 Discuss ion  

The h ighes t  a c c e l e r a t i o n s  were measured on t h e  movable arms four  inches from a 

s e p a r a t i o n  nut  assembly. 

recorded, These l e v e l s  were approximately equal  t o  shock l e v e l s  measured on t h e  

Acce le ra t ion  l e v e l s  of 6,000 and 2,500 G (0-P) were 
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DECAY TIME SHALL BE 
0.1 MSEC MAXIMUM 

LIMITED TO GO% OF - TIME - MSEC 

NOTE: SOME LATITUD'E IS ALLOWABLE FOR THE WAVE SHAPE OF THE SHOCK PULSE. 
HOWEVER, IT IS DESIRABLE THAT THE SHAPE CONFORM TO THAT OF A 
TERMINAL PEAK SAWTOOTH AS NEAR AS PRACTICAL. 

Figure 3,3-6.  Shock Pulse 
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a r r a y  handling frame i n t e r f a c e  w i t h  t h e  outboard end supports ,  

r ap id ly  decreased i n  magnitude wi th  d i s t ance  from t h e  shock source.  

on t h e  drums a t  100% span (near pyrotechnics)  were 1365 G (0-P) and a t  0% span 

(near t h e  o u t e r  support)  dropped t o  124 G (0-P). The blanket  ou te r  wrap (about 

4 i n .  f r o m t h e  outboard end),  t h e  c e n t e r  support  s t r u c t u r e  and t h e  drum bearing 

support  s h a f t  a l l  experienced a c c e l e r a t i o n  l e v e l s  of 125 G (0-P) o r  less. This  

a t t e n u a t i o n  r e s u l t s  from the  lack  of high frequency t r a n s m i s s a b i l i t y  across  t h e  

s o f t  b lankets  and t h e  d i s t ance  between the  shock source and t h e  response po in t s  

monitored on t h e  cen te r  support .  

The shock l e v e l  

Shock l e v e l s  

A s  shown i n  Figure 3.3-7 t h e  RA250 s e p a r a t i o n  nut f i r i n g s  induce a c c e l e r a t i o n  

loads which a r e  comparable t o  those induced i n  spacec ra f t  s t r u c t u r e s  by t h e  f i r i n g  

of o the r  pyro technica l  r e l e a s e  devices.  A t  t h e  outboard end suppor ts ,  t h e  shock 

spectrum of t h e  a r r a y  pyrotechnics  i s  higher  than t h a t  r e s u l t i n g  from t h e  250 G, 

0,5 mil l isecond te rmina l  saw too th  pulse  defined i n  Reference 1-7. I n  t h e  cen te r  

support  reg ion ,  t h e  shock spec t r a  from t h e  s e p a r a t i o n  nut a c t u a t i o n  i s  approxi- 

mately equiva len t  t o  t h e  spectrum of t h e  saw-tooth pulse  above 2000 Hz and approxi- 

mately 50% of t h e  spectrum of the saw tooth below 2000 Hz. 

3.3.2.2 Thermal Vacuum T e s t  Series 

3,3,2.2.1 I n t r o d u c t i o n  

The RA250 engineer ing prototype model was subjected t o  a s e r i e s  of  thermal vacuum 

tests which cons is ted  of  t h e  fol lowing segments a s  defined i n  t h e  JPL s p e c i f i c a t i o n  

(Reference 1-2) : 
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Test No,  

1 

2 

3 

4 

5 

Deployed Trans i en t  

Low Temperature Stowed 

Low Temperature Deploy 
and Retract 

Stowed Trans i en t  and High 

Temperature Soak 

High Temperature Deploy 
and Retract 

A d e t a i l e d  d i scuss ion  of  t h i s  test series i s  contained i n  Volume 11, Sect ion  4,5,  

3.3 .2 .2 .2  Summary of Resu l t s  

The fol lowing anomalies occurred as  a r e s u l t  of t h i s  series: 

1, Both s e p a r a t i o n  n u t s  f r ac tu red  a t  t h e  mounting f lange  dur ing  t h e  

outboard end support  r e l e a s e  immediately p r i o r  t o  t h e  low tempera- 

t u r e  d e p l o y / r e t r a c t  cyc le ,  

2 .  The a r r a y  b l anke t s  f a i l e d  t o  rewrap proper ly  on t h e  s to rage  drums 

dur ing  t h e  low temperature  r e t r a c t i o n  test .  Post  tes t  in spec t ion  

showed t h a t  a pull-away thermocouple w i r e  had tangled  wi th  t h e  Y 

drum. 

3.  A loca l i zed  hea t ing  cond i t ion  occurred dur ing  t h e  high temperature 

stowed tes t ,  Th i s  anomaly i s  a t t r i b u t e d  t o  a "greenhouse" pheno- 

menon which r e s u l t e d  when v i s i b l e  and near - inf ra red  energy from t h e  
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heat ing  lamp a r r a y  was t r ansmi t t ed  through the  dummy g l a s s  and trapped 

i n s i d e ,  causing loca l i zed  high temperatures  on i n s i d e  wraps of t h e  

stowed a r r a y  blankets .  This  cond i t ion  would not  have occurred i f  

t h e  a r r a y  b lankets  were completely covered wi th  s o l a r  c e l l  modules 

i n s t e a d  of o p t i c a l l y  t r anspa ren t  dummy g l a s s  p l a t e l e t s .  

3,3.2.2.3 Discussion 

The deployed a r r a y  t r a n s i e n t  test  was performed without  i nc iden t .  

t h e  temperature vs .  t i m e  h i s t o r i e s  f o r  two a c t i v e  s o l a r  c e l l  modules a r e  shown i n  

Figure 3.3-8. A l l  a c t i v e  s o l a r  c e l l  modules had s i m i l a r  t r a n s i e n t  response tempera- 

t u r e  h i s t o r i e s .  

i ng  on the  lamps a t  a very low vo l t age  t o  a l low t h e  f i l amen t s  t o  hea t  up before  

applying f u l l  vo l tage .  Th i s  procedure was necessary t o  avoid blowing fuses  as a 

r e s u l t  of t h e  h igh  in rush  cu r ren t  a s soc ia t ed  wi th  t h e  co ld  lamp f i laments .  This  

t u r n  on procedure caused t h e  s t e p - l i k e  appearance of t h e  temperature rise p l o t s  

f o r  a c t i v e  solar c e l l  modules. 

An example of 

I n  a l l  ca ses ,  t he  warm-up t o  +284'F was performed by f i r s t  tu rn-  

During t h e  low temperature stowed test ,  it became apparent  t h a t  t he  s p e c i f i e d  low 

temperature extreme of  -202'F (-13OoC) on the  c o n t r o l  thermocouple ( located on the  

H1 module) could not be reached wi th in  a reasonable  per iod  of t i m e ,  

t h i s  phase of t h e  test  was discont inued when t h e  c o n t r o l  thermocouple reached 

- 172OF 

Therefore ,  

The low temperature deployment of t h e  a r r a y  was i n i t i a t e d  by t h e  simultaneous 

f i r i n g  of both squibs  i n  each sepa ra t ion  nut .  The temperature recorded on a 

thermocouple loca ted  on t h e  outboard end support  ad jacen t  t o  the  -Y sepa ra t ion  
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nut  was -7Q°F a t  t he  t i m e  of f i r i n g .  

room and a f l a s h  was seen on t h e  closed c i r c u i t  T.V. screen.  Outboard end 

support  r e l e a s e  was v e r i f i e d  by the  s i g n a l  from t h e  microswitches a t  each end, 

Post  test  in spec t ion  of t h e  test  specimen revealed t h a t  both sepa ra t ion  nu t s  had 

completely f r ac tu red  a t  t h e  mounting base (see Figure  3.3-9) and had been pro- 

pe l l ed  a g a i n s t  t h e  cryopanels.  The loose p a r t s  of t h e  sepa ra t ion  nu t s  (see 

Figure 3.3-10) were found i n  the  bottom of t h e  chamber completely detached from 

t h e  e l e c t r i c a l  harness ,  

An audib le  r e p o r t  was heard i n  t h e  c o n t r o l  

Deployment of t h e  BI-STEM element was accomplished without  i nc iden t .  The motor 

temperature was -63'F immediately p r i o r  t o  deployment wi th  a 37'F rise recorded 

during t h e  deployment, The BI-STEM was r e t r a c t e d  from the  f u l l y  extended p o s i t i o n ,  

but t h e  r e t r a c t i o n  was stopped 77 inches s h o r t  of t he  f u l l y  stowed p o s i t i o n  be- 

cause of an apparent  b i l lowing  of t h e  +Y blanket  as viewed v i a  the  closed c i r -  

c u i t  T.V. camera, A t  t h e  end of t h i s  r e t r a c t i o n ,  t he  motor temperature was -7 F. 

Upon en te r ing  t h e  chamber t o  examine the  t e s t  specimen, t he  major po r t ion  of the  

-Y blanket  was found draped on t h e  chamber cryopanels.  The +Y blanket  was d i s -  

covered i n  a bil lowed cond i t ion ,  but t he  movement of personnel  i n  t h e  chamber was 

0 

enough t o  cause the  +Y drum t o  r o t a t e  and rewrap t h i s  blanket  i n  i t s  normal stowed 

conf igura t ion ,  More d e t a i l e d  examination o f  t he  -Y blanket  revealed t h a t  a p u l l -  

a p a r t  thermocouple connector was lodged i n  t h e  wrapped blanket  i n  such a way a s  

t o  prevent t h e  drum from r o t a t i n g .  The f a i l u r e  t o  secure t h i s  connector t o  t h e  

BI-STEM housing had ev iden t ly  caused much of t he  -Y blanket  rewrapping problem. 

However, t h i s  test cond i t ion  should not  have inf luenced t h e  bi l lowing of t h e  other 

b lanke t 
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Figure 3,3-9, Outboard End Support Showing Frac tured  Separa t ion  Nut Mounting Base 
(VF 70224B) 
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Some t y p i c a l  resu l t s  of t h e  stowed t r a n s i e n t  test  a r e  shown i n  F igure  3.3-11, 

Subsequent pos t  test i n s p e c t i o n  of both a r r a y  b l anke t s  revealed t h a t  l oca l i zed  

hea t ing  of t h e  b lanket  had occurred a s  a r e s u l t  of t h e  high temperature stowed 

test. Areas of scorched adhesive were i n d i c a t i v e  of temperatures  i n  excess  of 

350°F, 

t h e  same l o n g i t u d i n a l  k t a t i o n  on t h e  b l anke t s ,  

ed ex tens ive  l i f t i n g  of t h e  in t e rconnec t  t op  con tac t  f e e t  due t o  s o l d e r  mel t ing  

i n  t h e  overheated a rea .  The cause of t h i s  overhea t ing  i s  d iscussed  i n  Volume 11, 

Sec t ion  4 , 4 . 5 , 6 .  

Two a c t i v e  s o l a r  c e l l  modules were s i t u a t e d  w i t h i n  an  overheated a r e a  a t  

One of t h e s e  modules (J6) s u f f e r -  

The high temperature  deployment and r e t r a c t i o n  of t h e  a r r a y  was performed s a t i s -  

f a c t o r i l y ,  

3 , 3 , 2 , 3  Acoust ic  Noise Test 

3 , 3 , 2 . 3 , 1  I n t r o d u c t i o n  

The stowed a r r a y  was t o  be exposed t o  60 seconds of random inc idence ,  r eve rbe ran t  

sound wi th  a n  o v e r a l l  sound p res su re  level  of 150 db. During t h e  test runs,  t h e  

a c o u s t i c  environment was monitored a t  va r ious  l o c a t i o n s  i n  and around t h e  a r r a y  

and t h e  response of t h e  system was monitored. 

i s  contained i n  Volume 11, Sec t ion  4 . 6 .  

A d e t a i l e d  d i scuss ion  of t h i s  tes t  

3 , 3 , 2 , 3 , 2  Summary of Resu l t s  

The RA250 engineer ing  pro to type  model survived exposure t o  t h e  s p e c i f i e d  a c o u s t i c  

test  environment, The r e s u l t s  of t h e  pos t  test  h e a l t h  check a r e  presented i n  

Volume 11, Sec t ion  4 , 2 ,  

t e s t  of t h i s  type should be r e t a i n e d  a s  a system test environment f o r  f u t u r e  

The response of t h e  system i n d i c a t e s  t h a t  an  a c o u s t i c  
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l i g h t  weight s o l a r  a r r a y  assemblies  t o  provide high frequency e x c i t a t i o n  of t he  

s o l a r  c e l l  b lankets ,  

3.3.2.3,3 Discussion 

The RA250 tes t  specimen, f u l l y  instrumented and secured t o  i t s  holding f i x t u r e ,  

was suspended from a spreader  b a r  using shock (or  bungee) cord so t h a t  t h e  n a t u r a l  

frequency of t h e  suspension system was less than  5 Hz, 

t e s t  specimen wi th  r e s p e c t  t o  t h e  horns on t h e  chamber i s  a s  shown i n  the  photo- 

graph of Figure 3.3-12, 

spectrum shape wi th  the  a c t u a l  test specimen i n  p lace .  

runs of 30 seconds each were a t  f u l l  l e v e l .  

runs i s  shown i n  Figure 3,3-13, Note t h a t  t h e  test  environment follows the  lower 

l i m i t  of t h e  spec i f i ed  environment, Since t h e  test  l e v e l  could not  be increased 

without ex tens ive  e f f o r t ,  a 30-second p n a l t y  run r e s u l t e d  i n  a 147 db o v e r a l l  

SPL, so a second 30-second penal ty  run was performed. The o v e r a l l  l e v e l  of each 

t ransducer  i s  summarized i n  Table 3.3-5, 

The pos i t i on ing  of t he  

A f i r s t  test  run a t  130 db o v e r a l l  was made t o  check t h e  

The second and t h i r d  test  

The tes t  environment during these  

3,3.2,4 Stowed Vibra t ion  Tes t  

3,3.2.4,1 In t roduc t ion  

The o b j e c t  of t h i s  test  series was t o  sub jec t  t h e  stowed a r r a y  t o  q u a l i f i c a t i o n  

l e v e l s  s inuso ida l  and random v i b r a t i o n  spec t r a  a s  def ined i n  Figure 3.3-14. I n  

add i t ion ,  low l e v e l  s inuso ida l  sweeps were performed t o  loca t e  stowed a r r a y  reson- 

an t  modes below 100 Hz, A d e t a i l e d  d i scuss ion  of t h i s  test  i s  contained i n  

Volume 11, Sect ion  4,7, 
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Figure 3,3-12. V i e w  of the Rollup Solar Array Installed i n  the Acoustic Chamber 
(C 70-0115-A) 
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ITEM 
NO e 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13  
14 
15 
16 
1 7  
18 
19 
20 
21  
22 
23 
24 
25 
26 
27 
28 
2 9  

- 

TABLE 3,3-5 

TRANSDUCER LOCATIONS AND LEVELS 

TWSDUCER STA. NO. 

Microphone D, Trk 3 
B,  Trk 6 
C y  Trk 1 
F, Trk 4 
A, Trk 5 
E ,  Trk 2 

Accel 

Accel 

rometer 2X 
22 
4x 
42 
7Y 
1 SY 
112 
1 3X 
14Y 

* 142 
15X 
15Y 
152 
1 6X 
182 
2 4X 
262 
362 
372 
382 
40Y 
41Y 

rometer 42X 

RUN 

3 
Outside -FY Drum, 50% Span Q=90° 3 

Outside -Y Drum,  100% Span 0=180° 3 
Outside -Y Drum,  100% Span 0=2700 3 
I n s i d e  3-Y D r u m ,  50% Span on Y Axis 3 
LEM +Y Side Center Coup. 3 
LEM +Y Side Center Coup. 3 
LEM 50% Span +Y Side  5 
LEX 50% Span +Y S ide  5 
+Y End Support on Drum Plug 5 
+Y Blanket 100% Span 180° 3 
+Y Blanket 100% Span 180° 3 
+Y Drum 100% Span 90' 5 
+Y Drum 100% Span 180° 5 
+Y Drum 100% Span 180° 5 
+Y Bearing Housing 3 
+Y Bearing Housing 3 
+Y Bearing Housing 3 
+Y Blanket 50% Span Oo 3 
+Y Blanket 50% Span 90' 3 
+Y Drum 50% Span 0 3 
+Y Drum 50% Span 90° 3 
+Y Blanket 0% Span Oo 3 
+Y Blanket 0% Span 90° 3 
+Y D r u m  0% Span Oo 5 
+Y Drum 0% Span 180° 5 
+Y Blanket 0% Span 180' 3 
-Y Blanket 50% Span 0 3 

I_ 

LOCATION 

Outside +Y Drum, 50% Span Q=Oo 

Outside fY Drum, 0% Span $=Oo 3 

OVERALL 
LEVEL 

149.0 db 
150.0 
150 0 
147 5 
150,5 
151,5 db 

7.4 c 
4.8 
8,O 
5.5 
3,6 
5.6 

10.2 
3.3 
2,8 
5.2 
1.5 
0*9 
1 , 4  

10.5 
15.6 
4.0 
4,9 
6.3 
6,6 

14.3 
2 , 1  
3,6 

l o a 0  c 

RMS 

1 

I 

#Ms 
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- GRMS = 33 

10 100 1000 2000 
FREQUENCY (Hz) 

(b) Random Vibration Noise 

Figure 3.3-14 Specified Qualification Level Vibration 
E:;vi ronments (from Reference 1,2) 
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3.3.2.4,2 Summary of  R e s u l t s  

1. No s i g n i f i c a n t  s t r u c t u r a l  modes were noted below 100 Hz. 

2. Pure b lanket  modes were not  discovered dur ing  t h i s  t e s t ,  

3. Blanket s l a c k  was generated a t  t h e  o u t e r  wraps dur ing  t h e  course 

o f  t h e  Y a x i s  ( f i r s t  axis  of test)  runss  

4,  The a r r a y  s t r u c t u r e  survived t h e  test  environment i n  a l l  axes. 

The BI-STEM experienced a f a i l u r e  of t h e  " f u l l y  extended" l i m i t  

switch r o l l e r  a c t u a t o r .  I n  a d d i t i o n ,  a f a t i g u e  c rack  i n  t h e  BI- 

STEM o u t e r  rod element was discovered a f t e r  t h e  v i b r a t i o n  t e s t ,  

Both of  t h e s e  anomalies a r e  d iscussed  i n  Sec t ion  3.2,2,3. Resu l t s  

of  t h e  h e a l t h  check fol lowing the  v i b r a t i o n  environment are d i s -  

cussed i n  Volume 11, Sec t ion  4.2. 

3,3.2.4.3 Discussion 

The stowed v i b r a t i o n  test  was performed f i r s t  i n  t h e  Y a x i s  (co inc ident  w i t h  the  

s to rage  drum a x i s ) ,  t hen  i n  t h e  2 axis (normal t o  t h e  plane of t h e  deployed a r r a y  

su r face ) ,  and f i n a l l y  i n  t h e  X a x i s  ( p a r a l l e l  t o  t h e  a x i s  of t h e  deployed BI-STEM 

rod) .  For each of t h e s e  o r i e n t a t i o n s ,  t h e  t e s t i n g  w a s  s u b s t a n t i a l l y  i d e n t i c a l  

and cons i s t ed  of t h e  following: 

1, Severa l  low l e v e l  s i n u s o i d a l  sweeps a t  0,46G a t  1 octave/minute 

from 5 Hz t o  2 kHz. These sweeps were run  t o  set i n i t i a l  record ing  
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gain  f a c t o r s  and t o  ob ta in  a r r a y  response t o  a cons tan t  l e v e l  base 

e x c i t a t i o n  input  t o  determine ampl i f i ca t ion  f a c t o r s ,  During these  

runs,  t h e  a r r a y  was v i s u a l l y  observed under s t robe  l i g h t i n g  t o  o b t a i n  

an apprec i a t ion  of blanket  motion. Se lec ted  channels f o r  t h e  low 

l e v e l  sweeps were analyzed f o r  c o l i n e a r  and quadrature  response f o r  

i d e n t i f i c a t i o n  of blanket  and s t r u c t u r a l  modes occurr ing below 100 Hz, 

I n  a d d i t i o n ,  s e l ec t ed  s t r a i n  o r  accelerometer  channels were analyzed 

t o  determine t h e  r i s k  of damage a s  the  input  l e v e l s  were p rogres s ive ly  

increased t o  t h e  q u a l i f i c a t i o n  l e v e l .  

2,  An acceptance l e v e l  s inuso ida l  sweep a t  two t h i r d s  of t h e  s p e c i f i c a -  

t i o n  l e v e l  was performed t o  eva lua te  l i n e a r i t y  of system response and 

a s  a f i n a l  assessment of t h e  r i s k s  a s soc ia t ed  wi th  t h e  f u l l  l e v e l  

q u a l i f i c a t i o n  input .  

3, The s inuso ida l  q u a l i f i c a t i o n  sweep was performed wi th  se l ec t ed  

channel responses reviewed during p repa ra t ions  f o r  subsequent ran- 

dom t e s t i n g  * 

4 ,  Random t e s t i n g  followed t h e  same sequence of low l e v e l ,  acceptance 

l e v e l ,  and q u a l i f i c a t i o n  l e v e l  t e s t i n g ,  Se lec ted  s t r a i n  channels 

were eva lua ted  a s  t h e  tes t  proceeded t o  a s s e s s  the  r i s k  of damage 

dur ing  subsequent higher  l e v e l  i npu t s .  

5, On completion of any a x i s  v i b r a t i o n  t e s t i n g ,  t he  a r r a y  s t r u c t u r a l  

components were v i s u a l l y  inspected and the  BI-STEM a c t u a t o r  was 

ope ra t iona l ly  checked, 
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Table 3 . 3 - 6  l i s t s  t h e  a r r a y  resonant  a m p l i f i c a t i o n  f a c t o r s  and f requencies ,  The 

dynamic loads developed i n  t h e  stowed v i b r a t i o n  tes t  were low, Consequently t h e  

material stress were low and no s t r u c t u r a l  damage was experienced,  The response 

of t h e  a r r a y  b l anke t s  was low and t h e  b l anke t s  provided dumping f o r  t h e  e n t i r e  

system e 

3 , 3 . 3  BI-STEM LIFE DEMONSTRATION 

A t  t h e  conclus ion  of t h e  environmental  t e s t i n g  program, t h e  a r r a y  was subjec ted  

t o  a series of 35 consecut ive d e p l o y / r e t r a c t  cyc le s  under ambient cond i t ions  t o  

demonstrate t h e  a b i l i t y  of t h e  BI-STEM a c t u a t o r  t o  perform many a r r a y  ex tens ions  

and r e t r a c t i o n s  i n  o r b i t .  A l l  of t h e s e  c y c l e s  were performed without  i nc iden t .  

A t  t h e  s t a r t  o f  t h i s  sequence t h e r e  was a r e l a t i v e l y  h igh  f l u c t u a t i o n  i n  t h e  s l i p  

r i n g  apparent  dynamic r e s i s t a n c e  a s  t h e  drums turned.  These f l u c t u a t i o n s  had t h e  

per iod  of  t h e  drum r o t a t i o n .  

t h e  magnitude of  t h e s e  f l u c t u a t i o n s  i n  power s l i p  r i n g  r e s i s t a n c e  decreased. Th i s  

tends  t o  i n d i c a t e  a wear-in per iod  requi red  t o  remove d i r t  o r  t a r n i s h  which may 

have c o l l e c t e d  on t h e  r i n g s ,  

A s  t h e  number of d e p l o y / r e t r a c t  cyc le s  increased ,  
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3.4 DEVELOPMENT TESTS 

During t h e  course of t h i s  program s e v e r a l  subsystem o r  component level  development 

tests were performed. These tests are summarized i n  t h i s  s ec t ion .  

3 .4 .1  BI-STEM THERMAL BENDING TEST 

The o b j e c t i v e s  of t h e  thermal  bending test w a s  t o  check a n a l y t i c a l  p red ic t ions  of 

maximum t i p  d e f l e c t i o n  of 35.68 inches  f o r  a deployed length  of 33-1/3 f e e t .  A l l  

thermal bending t e s t i n g  w a s  performed by NASA/GSFC using boom samples provided by 

GE e 

The thermal vacuum chamber u t i l i z e d  i n  i n v e s t i g a t i n g  boom thermal bending behavior ,  

Figure 3.4-1, c o n s i s t s  e s s e n t i a l l y  of a ver t ica l  cy l inde r  approximately 1 foo t  i n  

diameter and 13 f e e t  h igh ,  i nco rpora t ing  a l i q u i d  N2 shroud, and i l l u m i n a t i o n  t h a t  

provides  an i n t e n s i t y  equiva len t  t o  one s o l a r  cons tan t  over t he  f u l l  l eng th  of a 

10 foo t  boom leng th  wi th  an i n t e n s i t y  uniformity of b e t t e r  than 55 pe rcen t ,  

The chamber inco rpora t e s  p rov i s ions  f o r  r o t a t i n g  t h e  suspended tes t  specimen re la t ive 

t o  t h e  f i x e d  I . R .  h e a t  source .  The degree of bending can be  recorded photographica l ly  

as w e l l  as by o p t i c a l  means. Samples w e r e  removed from t h e  tes t  speciment t o  measure 

t h e i r  s o l a r  absorptance necessary  t o  c o r r e c t  t h e  observed bending, f o r  t h e  d i f f e r e n c e s  

i n  spectrum of t h e  sun as i t  w a s  and t h e  e s s e n t i a l l y  1 , R .  source ,  

Over t h e  p a s t  two y e a r s ,  NASA/GSFC has  employed t h i s  f a c i l i t y  i n  t h e  development of 

a technique f o r  measurement of g r a v i t y  g rad ien t  rod d e f l e c t i o n s  under t h e  in f luence  

of s o l a r  hea t ing .  The RA250 BI-STEM is one of many boom conf igura t ions  t e s t e d  by 

NASA/GSFC, 

GSFC on completion of t h i s  program of boom i n v e s t i g a t i o n s  a 

Resul t s  of t h e  e n t i r e  boom d e f l e c t i o n  s tudy  w i l l  be  publ ished by NASA/ 
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Figure 3 a 4-1 Thermal Bending Test Setup (NASA 6-69-4536) 
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Two s i l v e r  p l a t e d  1,34 inch  diameter  BI-STEM boom conf igura t ions  were eva lua ted .  

The f i r s t  of t hese  had t h e  elements mechanically decoupled a t  t h e  f r e e  end, and the  

second had t h e  two elements welded toge the r  at t h e  f r e e  end. 

more accu ra t e ly  r ep resen t s  t h e  RA250 a p p l i c a t i o n  which incorpora tes  a t i p  plug.  

Figure 3.4-2 p re sen t s  smoothed d e f l e c t i o n  curves f o r  t he  10 f t .  test rod 

conf igu ra t ions ,  Figure 3.4-3 r e s u l t s  from e x t r a p o l a t i o n  of test d a t a  t o  a 33,5 f t ,  

deployed boom leng th  i n  a zero g r a v i t y  f i e l d .  The de r iva t ion  of t h e  t r a n s f e r  

func t ions  t o  e x t r a p o l a t e  r e s u l t s  from t h e  measured 10 f t .  rod t o  t h e  33.5 f t .  rod 

i n  zero  g r a v i t y  f i e l d  is developed i n  Reference 1-5 and i s  represented  by: 

The l a t t e r  conf igu ra t ion  

OP 18.9 S measured 

where S is  displacement i n  inches  and 
I P  i s  i n  sun plane ,  
OP i s  out of sun p l ane  (normal) 

0 
Inspec t ion  of Figure 3.4-3 reveals t h a t  i n  p o s i t i o n  11 (300 boom r o t a t i o n ) ,  t h e  

welded test  specimen exh ib i t ed  a nega t ive  bending toward t h e  sun. 

i s  gene ra l ly  considered t o  be uns t ab le  and could r e s u l t  i n  thermal  " f l u t t e r " .  

amount t h a t  t h e  welding technique con t r ibu ted  t o  t h i s  nega t ive  bending i s  unknown 

a t  t h i s  t i m e .  Af t e r  welding, i t  w a s  noted t h e  o u t e r  element w a s  d i sp laced  along 

i t s  edges from t h e  i n n e r  element a t  some p o i n t s .  

This condi t ion  

The 

When t h e  maximum abso lu te  va lue  of t h e  zero-g thermal  d e f l e c t i o n s  ind ica t ed  on 

Figure 3.4-3 are added t o  t h e  BI-STEM v e r t i c a l l y  deployed t i p  d e f l e c t i o n s  measured 

during SPAR a c t u a t o r  acceptance tests, t h e  fol lowing apparent maximum t o t a l  t i p  

d e f l e c t i o n s  occur:  
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TEST CONFIGURA rlON 

1 :i4 IN. DIA El-STEM SILVER PLATED OD 

NOT WELDED AT T I P  
10 FT 1.ONG. 301 STAINLESSELEMENTS 

HCIIISI \(IS 
HIS I N T I .  (IK.) 

1 h. h 
2 ti. :i 

1 ?I. 3 
4 9. 

ti 3. 3 
7 4.0 
n 4 . :I 
9 3. 3 
IO li. ti 

3.  9 I1  
I S  ,..* 

- -  ,. . 

_ _  

OTI I' 
CW 

IIEFI. 
A N G L E  (DE('.) 

T 34.6 
i 1S.H 
- +.  0 
- 4 . i  
- 21.2 
- 28.0 
- ls.9 
-IO.* 
- 1;. 9 
- I.I.!, 
i 1Y.H 
. : , . , . I  . - -  

FIXED 
SLW 

12 (330 DEW 
0 

1 (0 UEG) 
0 

a n (210 D E G ~  3 (GO DEC)  
0 9(240  0 4  (90 DEG) 

10 (270 DEG) 
311"ODEG) 0 

6 (150 DEG) 
0 5 (120 DEC) 

0 

I I I I l I l I I I  
I 2 3  l 5 6 7 8 9 1 ( 1  

Ih' I'I.ANE HENDING (INCHES) 
P A R A l  I,+:[, 'i'0 I lNPR Of RADIANT FI.l'.Y 

F i g u r e  3.4-3 E x t r a p o l a t e d  A b s o l u t e  Zero-G Bending a t  33.5 Ft.' 

T i p  Welded ( i n . )  

Boom d e f l e c t i o n  f o r  v e r t i c a l  deployment 
Def l ec t ion  due t o  5.2 l b .  load  
Absolute thermal d e f l e c t i o n  (maximum) 

Maximum T o t a l  Apparent Def l ec t ion  

8.0 
11.0 
13.4 - 
32.4 

Analysis of t h e  rod  deployed condi t ion  i n d i c a t e d  t h a t  wi th  a temperature g r a d i e n t  

of 43.g°F, a b l anke t  t ens ion  of 4.0 pounds, and a s o l a r  i l l u m i n a t i o n  a t  260 mw/cm 2 

i n t e n s i t y  (1.5 suns ) ,  a rod  t i p  d e f l e c t i o n  of 35.68 inches  could be  expected. The 

maximum t o t a l  apparent d e f l e c t i o n s  above d i d  n o t  exceed t h e  p red ic t ed  d e f l e c t i o n s .  

3.4,2 MODULE THERMAL CYCLING TEST 

Three sample s o l a r  ce l l  modules (two 4 x 4 and one 5 x 7) were thermally cycled 

34 t i m e s  between -200 F and +285 F. 
0 0 

These modules w e r e  f a b r i c a t e d  u t i l i z i n g  t h e  
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JPL furn ished  s o l a r  cel ls  and coverg lass ,  

expanded metal p e r  drawing number 47C218187. 

Kapton s u b s t r a t e  wi th  SMRD-745. The rear s i d e  of t h e  s u b s t r a t e  had cushioning 

but tons  i n s t a l l e d  as on t h e  pro to type  b l anke t ,  A copper s t r i p  w a s  a l s o  etched on 

t h e  rear of t h e  s u b s t r a t e  t o  s imula te  t h e  bus s t r i p  network, This copper s t r i p  was 

The cells were in te rconnec ted  wi th  s i lver  

The t h r e e  modules were bonded t o  a 

i n s u l a t e d  wi th  1 - m i l  Ka$ton s i l i c o n e  p res su re  s e n s i t i v e  t ape ,  as on t h e  pro to type  

b lanket  a 

Figure 3 . 4 - 4  shows the  t h r e e  modules mounted on t h e  common s u b s t r a t e  suspended i n  

f r o n t  of an a r r a y  of 500 w a t t  Quar tz l ine  lamps which provided t h e  h e a t  i npu t  t o  t h e  

vacuum chamber. I n  a d d i t i o n  t o  t h i s  active module s u b s t r a t e ,  a module of dummy 

g l a s s  p l a t e l e t s  w a s  p laced  i n  the  same test  s o  t h a t  t h e  thermal  cyc l ing  e f f e c t s  

on t h e  dummy g l a s s  modules could be determined. 

Figure 3.4-5 shows a t y p i c a l  active module temperature  p r o f i l e  during one 50-minute 

cyc le  e 

A d e t a i l e d  v i s u a l  examination of t h e  s o l a r  cel l  modules revea led  a f a i l u r e  which 

might be a t t r i b u t e d  t o  t h i s  thermal  cyc l ing  test. The expanded metal in t e rconnec t  

s t r a n d s  w e r e  f r a c t u r e d  i n  l o c a l i z e d  areas. This type of f a i l u r e  occurred only 

i n  areas where t h e  in t e rconnec t  loop had been deformed ( o r  scored)  by t h e  mesh 

forming t o o l ,  

t h e i r  use i n  assembly. The cause of t h i s  deformation w a s  co r rec t ed  by rework 

of t h e  forming t o o l  and subsequent 100 pe rcen t  v i s u a l  i n spec t ion  of each s t r a n d  

a f t e r  forming, Thus i t  is  l i k e l y  the  in te rconnec t  f a i l u r e s  were not  r e l a t e d  

t o  thermal cyc l ing ,  

S imi la r  f a i l u r e s  were found i n  formed in t e rconnec t s  p r i o r  t o  
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Figure 3 . 4 - 4 .  Thermal Cycling Module T e s t  Set-Up 
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3,4.3 BLANJXET TRACKING WITH A LATERAL OFFSET 

A t  t he  completion of t h e  35 cycle  BI-STEM l i f e  demonstration, an a r r a y  b lanket  

t r ack ing  experiment w a s  performed by d i sp lac ing  t h e  a r r a y ,  wi th  r e spec t  t o  t h e  

upward deployment a i d ,  along t h e  Y ( s to rage  drum) a x i s  i n  2-inch increments t o  

check t h e  a b i l i t y  t o  rewrap s a t i s f a c t o r i l y  during r e t r a c t i o n .  

increment,  t h e  a r r ay  w a s  deployed and r e t r a c t e d ,  and the  b lanket  rewrap  w a s  

observed. This procedure w a s  continued u n t i l  t h e  t o t a l  l a t e r a l  displacement 

( i n  Figure 3.4-6) w a s  10 inches .  

displacement,  t h e  inboard b l anke t  edge on t h e  -Y s i d e  w a s  observed t o  rub aga ins t  

t he  l ead ing  edge member sadd le  which is  mounted on top of t he  BI-STEM a c t u a t o r ,  

A t  each s h i f t  

During t h e  deployment and r e t r a c t i o n  a t  t h i s  

During t h i s  experiment,  t h e  edge guides served t o  r e d i r e c t  t h e  rewrapping b lanket  

s o  t h a t  i t  restowed proper ly  on t h e  drums. A s  shown i n  Figure 3.4-7,  as t h e  b lanket  

began t o  r i d e  up over  t he  f l ange ,  i t  w a s  forced  t o  s l i d e  down the  ramp of t h e  edge 

guide.  The major i ty  of t h e  f o r c e  requi red  t o  produce t h i s  s l i d i n g  a c t i o n  comes 

from the  weight of t h e  b lanket  wrap i t s e l f  as it  t u r n s  over t h e  t o p  of t h e  s t o r a g e  

drum. I n  a ze ro  g environment, t h i s  same s l i d i n g  a c t i o n  would be a ided  by a s t r o n g e r  

Negator s p r i n g  system i n  t h e  drums, 

3,4 .4  ARRAY STRUCTURAL LOAD DEFLECTION TEST 

The o b j e c t i v e s  of t h i s  test  w a s  t o  determine a r r a y  drum bear ing  f l e x i b i l i t y  c o e f f i c i e n t s  

f o r  

F l e x i b i l i t y  c o e f f i c i e n t s  w e r e  ob ta ined  f o r  t he  bear ing  assembly, c e n t e r  support  

assembly and end support  caging arms. 

performed and Figure 3,4-9 presen t s  a ske tch  of t h e  test se tup .  Loads were appl ied  

i n  5 l b ,  increments from zero  t o  ? 20 l b s .  and d e f l e c t i o n s  measured by d i a l  

i n d i c a t o r s  l o c a t e d  as shown i n  Figure 3.4-9 ,  

i nco rpora t ion  i n  t h e  a n a l y t i c a l  mode of t h e  stowed RA250 s o l a r  a r r a y  assembly. 

Figure 3.4-8 presen t s  a l i s t  of loading tests 

A l l  d a t a  w a s  publ ished i n  Reference 1-6. 
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Figure  3 4-6 /. Schematic of Tracking Demonstration T e s t  Set-Up 
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Figure  3 - 4 - 7 ,  Rewrap Against Edge Guide 
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Figure 3.4-10 t h r u  3.4-13 presen t  d e f l e c t i o n  of drum outboard p o i n t s  A and D as 

a func t ion  of symmetric and antisymmetric outboard loading.  

a t  the  inboard drum faces  p o i n t s  B and C were zero  f o r  a l l  loading condi t ions  run,  

The symmetric loading condi t ions  y i e lded  t h e  t o r s i o n a l  moment f l e x i b i l i t y  

c o e f f i c i e n t  f o r  t h e  drum bear ing ,  and t h e  antisymmetric loading y i e lded  the  

c o e f f i c i e n t  f o r  t h e  c e n t e r  suppor t  s t r u c t u r e .  The displacement fo rce  ra te  

c o e f f i c i e n t  f o r  t h e  outboard movable support  (caging) arms w a s  determined i n  test 

7a. T e s t  runs 7b and c w e r e  no t  performed due t o  need f o r  ex tens ive  adapt ion 

hardware e 

Deflec t ions  measured 

This s h o r t  test provided t h e  fol lowing f l e x i b i l i t y  c o e f f i c i e n t s  f o r  i nco rpora t ion  

i n t o  the  deployed and stowed a r r ay  dybamic models e 

1.  

2 .  

3.  

4 .  

5 .  

Drum bear ing  X and Z a x i s  r o t a t i o n  - moment c o e f f i c i e n t  

C = 2.4 x radians/inch-pound 
B 

Center support  X and Z axis r o t a t i o n  moment c o e f f i c i e n t  

C = 0.5 x radians/inch-pound 
e,M C.S. 

Drum and cen te r  

D r u m  and cen te r  

c o e f f i c i e n t s  a 

cupport  displacement - f o r c e  c o e f f i c i e n t s  

= c  = o  6 ,F c.s * 

support  displacement - moment 

Caging arm f o r c e  displacements c o e f f i c i e n t  

C P  = 5 3 x lom3 inches/pound 
2 9F C,A. 

and r o t a t i o n  - fo rce  

0 
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3,4 ,5  DUMMY CELL MODULE STIFFNESS EVALUATIQM 

The pro to type  subso la r  a r r a y  which w a s  assembled and t e s t e d  during t h i s  program 

had only seven percent  of i t s  s u r f a c e  covered wi th  active s o l a r  cells. 

remaining area w a s  t o  be covered wi th  dummy cells. A prel iminary development test 

w a s  performed t o  determine i f  t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  proposed con- 

s t r u c t i o n  w a s  apprec iab ly  d i f f e r e n t  from t h a t  of s o l a r  cells mounted on t h e  t y p i c a l  

r o l l u p  a r r ay  s u b s t r a t e  of Kapton and cushioning but tons .  

The 

Two conf igura t ions  of s o l a r  ce l l - in te rconnec t ion  s u b s t i t u t e  u n i t s  were assembled 

and eva lua ted  f o r  degree of s t i f f n e s s  s imula t ion .  

conf igura t ions  s imula t e  t h e  c e l l  by a chip of g l a s s  0.013 inch  t h i c k  by 0.75 inch  

square.  

connection used wi th  s o l a r  ce l l s ,  bonded t o  span t h e  gap between chips  wi th  

SMRD 745. For Configurat ion 2 ,  t h e  dummy in t e rconnec t ion  i s  a 2 m i l  s t r i p  of 

Kapton t h e  same width as t h e  si lver in t e rconnec t ion  (0.26 inch ) .  

bonded ac ross  t h e  gap w i t h  SMRD 745. 

Both of t hese  dummy module 

The dummy in t e rconnec t ion  f o r  Configurat ion 1 is t h e  silver mesh i n t e r -  

It i s  s i m i l a r l y  

Five c e l l  by f i v e  cell  modules w e r e  cons t ruc ted  f o r  each conf igura t ion  and checked 

f o r  s t i f f n e s s  a g a i n s t  comparable solar ce l l  modules. The tes t  modules included 

Configurat ions 1 and 2 and a module without  s imula ted  in t e rconnec t ions ,  

Figures  3.4-14, -15, and -16 show t h e  d e f l e c t i o n  test  set up and modules undergoing 

d e f l e c t i o n  t e s t i n g  i n  both t h e  "face up" and f a c e  down" d i r e c t i o n s .  

and -18 are graphs of t h e  d a t a  obtained during t h e  d e f l e c t i o n  tests. 

Figure 3.4-17 

The area of 

most re levance i s  along t h e  ''0'' grams load l i n e  where t h e  u n i t s  were being supported 

a t  t h e  edges and d e f l e c t e d  only by t h e i r  own weight ,  

approximate t h e  no-load s t i f f n e s s  of t he  s o l a r  c e l l  assemblies ,  and t h e  wide 

Both dummy conf igura t ions  

3-97 



Figure 3 . 4 - 1 5 .  Face-Down Def l ec t ion  Test - Active Solar  C e l l  Module No. 
With 5 gram load, 

1 

Figure 3 , 4 - 1 6 .  Face Up Def l ec t ion  T e s t  - Active  So lar  C e l l  Module No. 
With 15 gram load,  

1 
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margin s e p a r a t i n g  t h e  group from t h e  ' 'g lass  only'' module h i g h l i g h t s  t h e  need f o r  

i n c l u s i o n  of a s imula ted  in t e rconnec t ion .  

Addi t iona l  load-def lec t ion  d a t a  w a s  ob ta ined  i n  t h e  transverse d i r e c t i o n  (wi th  t h e  

in te rconnec t ions  perpendicular  t o  t h e  suppor t ing  edges) .  

Figure 3.4-18. There i s  an apprec iab le  v a r i a t i o n  i n  t h e  s t i f f n e s s  of t h e  two 

s o l a r  ce l l  modules which is  probably due t o  a v a r i a t i o n  i n  t h e  bonding process .  

Both types of dummy cons t ruc t ion  us ing  in t e rconnec t ion  s imula t ion  (s i lver  mesh and 

2 m i l  Kapton s t r i p s )  c l o s e l y  c o r r e l a t e  wi th  s o l a r  ce l l  module No. 1. 

These da t a  are shown i n  

The Kapton s t r i p s  are considered t o  provide  t h e  b e s t  s imula t ion  of t h e  s t i f f n e s s  

of t h e  s o l a r  c e l l  modules, and these  s t r i p s  w e r e  incorpora ted  i n t o  t h e  dummy 

modules on t h e  s o l a r  ce l l  b lanket  f o r  t h e  test u n i t .  

3.5 PROBLEMS AND LESSONS LEARNED 

The i n t e n t  of t h e  program w a s  t o  develop l igh tweight  s o l a r  a r r a y  technology and 

document r e s u l t s  so  they could be u t i l i z e d .  Program r e s u l t s  are given i n  t h e  f i v e  

r e p o r t s  (Four Quar te r ly  p l u s  a f i n a l  r e p o r t )  and were publ i shed  as they  were 

obtained.  The major r e s u l t s  are r e a d i l y  a v a i l a b l e  i n  t h e  r e p o r t s .  However, a 

c a r e f u l  reading  of t h e  r e p o r t s  is necessary  t o  i d e n t i f y  and understand some of t h e  

important ,  bu t  smaller scale, r e s u l t s .  I n  o rde r  t o  provide maximum b e n e f i t  t o  

f u t u r e  l igh tweight  a r r a y  programs t h e  fo l lowing  i t e m s  (not  included i n  

Section 4 - COnClUSiOns) were i d e n t i f i e d :  
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1. S t r u c t u r a l  Bonding - During f a b r i c a t i o n  of t h e  magnesium drums i t  

w a s  found t h a t  t he  bond s t r e n g t h  of t he  DOW 17 f i n i s h  t o  the  base 

material w a s  less than  t h e  adhesive (EPON 9 3 4 )  bond s t r e n g t h .  Test 

coupons, made up of t he  anodized coupons, exh ib i t ed  lower shea r  

s t r e n g t h s  than  can be  achieved wi th  EPON 934 on proper ly  t r e a t e d  

bare  m e t a l .  The s t r u c t u r a l  bonds had adequate s t r e n g t h  f o r  t h i s  

a p p l i c a t i o n  bu t  o t h e r  app l i ca t ions  us ing  bonded magnesium s t r u c t u r e s  

should take  t h i s  i n t o  account.  

2. Boom Thermal Bending Tests - The r e s u l t s  obtained on t h i s  program 

are another  example of t h e  d i f f i c u l t y  i n  r e so lv ing  t h e  thermal 

bending a spec t s  of deployable booms. It i s  d i f f i c u l t  t o  understand 

and apply t h e  test r e s u l t s  even though they were obtained i n  a 

f a c i l i t y  t h a t  has been u t i l i z e d  f o r  t h i s  type of t e s t i n g  f o r  s e v e r a l  

years .  It may be t h a t  t h e  behavior of t h e  deployable booms i s  

errat ic  and t h e  major source of t he  d i f f i c u l t y .  I n  any case i t  should 

be recognized t h a t  measuring t h e  thermal bending c h a r a c t e r i s t i c s  of 

deployable booms is  d i f f i c u l t  and t h a t  accu ra t e  a n a l y t i c a l  techniques 

f o r  p r e d i c t i n g  t h i s  phenomena are no t  a v a i l a b l e .  

3 .  Assumption of Symmetry - Symmetry w a s  assumed i n  the  s e l e c t i o n  of s enso r  

l o c a t i o n s  f o r  t he  deployed dynamics t e s t i n g .  The non-symmetry i n  t h e  

engineer ing model W a s  s u f f i c i e n t  t o  e l imina te  pure ly  symmetric and 

anti-symmetric response.  I f  t he  tes t  w e r e  t o  be repea ted ,  t h e  senso r  

arrangement would be  modified t o  measure t h e  response of bo th  b l anke t s  

and n o t  r e l y  on ob ta in ing  symmetric (and anti-symmetric d a t a ) .  This 

experience should be f ac to red  i n t o  tes t  planning f o r  f u t u r e  programs. 
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SECTION 4 

CONCLUSIONS 

The fol lowing conclusions were der ived  from t h e  r e s u l t s  of t h e  program: 

t 

1. It i s  poss ib l e  t o  design a 250 square  f o o t  r o l l u p  s o l a r  array 

which exceeds a b a s e l i n e  performance of 30 w a t t s  pe r  pound f o r  

space a p p l i c a t i o n s  e Deta i l ed  manufacturing drawings f o r  such an 

a r r a y  w e r e  produced; t h e  design w a s  v e r i f i e d  by a n a l y s i s ;  t h e  

weight and performance were v e r i f i e d  by b u i l d i n g  a f u l l - s c a l e  

engineer ing  model; and t h e  design i n t e g r i t y  w a s  e s t a b l i s h e d  by 

a series of environmental  tests. 

2 .  Design performance p r e d i c t i o n s  of s l i p  r i n g  and s o l a r  c e l l  b l anke t  

bus network r e s i s t a n c e  were v e r i f i e d  by measurement. 

3 .  Performance d a t a  on s i x  d i f f e r e n t  s o l a r  ce l l  module conf igura t ions  

candida tes  f o r  r o l l u p  s o l a r  a r r a y  a p p l i c a t i o n s  were obtained.  

These conf igura t ions  range from those  be ing  used on cu r ren t  

s o l a r  pane l  product ion t o  conf igu ra t ions  in tended  s p e c i f i c a l l y  

f o r  r o l l u p  s o l a r  a r r a y  a p p l i c a t i o n s ,  A l l  conf igura t ions  can be 

considered f e a s i b l e  f o r  t h i s  a p p l i c a t i o n  though s i g n i f i c a n t  

d i f f e rences  i n  weight ,  temperature range c a p a b i l i t y ,  and 

f l e x i b i l i t y  e x i s t  e 
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4 .  Resul t s  of a r r a y  r e t r a c t i o n  tests on t h i s  program shows t h a t  

b l anke t  t r ack ing  can be achieved by c a r e f u l  alignment during 

i n s t a l l a t i o n .  S p e c i a l  c o n t r o l  devices  t o  a i d  b lanket  t r ack ing  

during r e t r a c t i o n  should n o t  be needed. 

5. The more than  f i f t y  complete deployment/retract ion cyc les  provides  

assurance t h a t  t he  design has  a mult i -cycle  l i f e  c a p a b i l i t y .  The 

l i f e  l i m i t i n g  i t e m  i n  the  des ign  wi th  r e s p e c t  t o  deployment/retract ion 

cyc les  i s  considered t o  be t h e  BI-STEM a c t u a t o r .  L i f e  tests on the  

BI-STEM alone  would provide more i n s i g h t  on the  system deployment/ 

r e t r a c t i o n  l i f e  c a p a b i l i t y .  

6 .  The a r r a y  system demonstrated e x c e l l e n t  s t r u c t u r a l  i n t e g r i t y  

i n  severe  mechanical environments ( s i n e  and random v i b r a t i o n ,  

a c o u s t i c  n o i s e ,  and mechanical shock) a The dynamic response 

of t he  s o l a r  a r r a y  b l anke t  mass w a s  low which r e s u l t e d  i n  low 

s t r u c t u r a l  loads  and stresses. An i n d i c a t i o n  of t he  s t r u c t u r a l  

c a p a b i l i t y  is  t h a t  extra runs  (a t  least 10) of s i n u s o i d a l  e x c i t a t i o n  

(5 t o  100 Hz) a t  Q u a l i f i c a t i o n  Level were made without  causing 

s t r u c t u r a l  f a i l u r e s .  These runs were made t o  observe and photograph 

b lanket  motion 

7, The a r r a y  system w a s  shown t o  perform i n  thermal vacuum condi t ions  

though the  low temperature r e t r a c t i o n  test r e s u l t s  are clouded by 

a fouled  thermocouple w i r e .  The design margin i n  t h e  Negator sp r ing  
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a t  low temperatures  i s  small and may even be nega t ive .  The 

p red ic t ed  thermal  t r a n s i e n t s  of t h e  a r r a y  b l anke t  were v e r i f i e d  

by tes tp  The stowed thermal c h a r a c t e r i s t i c s  were found t o  be 

approximately as p r e d i c t e d  though a n a l y t i c a l  p r e d i c t i o n s  and test 

r e s u l t s  d i d  no t  agree  i n  a l l  detai ls .  The i n t e g r i t y  of t h e  s o l a r  

c e l l  modules wi th  si lver mesh in t e rconnec t s  over  t he  range of 
# 

-130C t o  +140C w a s  demonstrated i n  a 34 cycle  test .  

8. So la r  ce l l  and dummy g l a s s  breakage during t h e  program exceeded 

the  g o a l  of zero .  Breakage can be a t t r i b u t e d  t o  a number of 

reasons and no s p e c i f i c  g ross  f a i l u r e  mode w a s  i d e n t i f i e d .  Handling 

and ins t rumenta t ion  i n s t a l l a t i o n  (and removal) caused a s i g n i f i c a n t  

f r a c t i o n  of t h e  f a i l u r e s .  Spec ia l  handl ing techniques and s t r i c t  

observance of t h e  e s t a b l i s h e d  procedures  are requ i r ed  f o r  a f l i g h t  

hardware program. 

from t h e  environmental  t e s t i n g  program w a s  s i g n i f i c a n t l y  g r e a t e r  

The s o l a r  ce l l  end coverglSss  breakage r e s u l t i n g  

than  the  dummy g l a s s  p l a t e l e t  breakage. The re la t ive percentage 

of breakage fo l lows  t h e  re la t ive d i f f e r e n c e  i n  i n d i v i d u a l  element 

th ickness  w i t h  t h e  3 m i l  coverglass  a t  3.25 percen t  t o t a l  breakage, 

t h e  7 m i l  s o l a r  cells a t  1.75 p e r c e n t ,  and the  11 m i l  dummy g l a s s  

p l a t e l e t s  a t  0.47  percen t .  Based on t h i s  d a t a ,  i t  appears  t h a t  

the  coverg lass  and s o l a r  c e l l  breakage due t o  t h e  environmental  

test  program can be  reduced by inc reas ing  t h e  th ickness  of 

t h e s e  items. 
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The most severe environment wi th  r e spec t  t o  coverglass  and s o l a r  

ce l l  breakage w a s  t h e  stowed v i b r a t i o n  series. The d i s t r i b u t i o n  of 

active module breakage on t h e  b l anke t s  i n d i c a t e s  t h a t  t h e  most 

severe environment occurs  on both t h e  i n n e r  and the  o u t e r  wraps 

of t he  stowed a r r ay .  Handling i s  perhaps the  most damaging of a l l  

environments. The edges of t h e  b l anke t  and the  o u t e r  wrap of t he  

stowed a r r a y  are p a r t i c u l a r l y  vulnerable  t o  damage. It w a s  

impossible  t o  account f o r  a l l  handl ing and ins t rumenta t ion  damage 

and s e p a r a t e  i t  from damage which occurred as a r e s u l t  of t he  

a c t u a l  test environments e S p e c i a l  handl ing  procedures and s t r i c t  

observance of e s t a b l i s h e d  handl ing  procedures w i l l  be requi red  i n  a 

f l i g h t  program. 

9.9.  The s o l a r  c e l l  damage c i t e d  i n  Conclusion 6 d id  n o t  r e s u l t  i n  a 

corresponding reduct ion  i n  e lec t r ica l  performance. 

10. The a r r a y  b l anke t  design and f a b r i c a t i o n  process  used t o  produce 

the  engineer ing  pro to type  model do no t  y i e l d  a product  which meets 

accepted s tandards  f o r  appearance e Voids i n  t h e  adhesive between 

t h e  cells and t h e  s u b s t r a t e  r e s u l t e d  from the  wr inkles  which were 

inhe ren t  i n  t h e  copper c l a d  s u b s t r a t e  material where t h e  major i ty  

of the  copper w a s  e tched  away. 

11. New techniques of low frequency s t r u c t u r a l  dynamics t e s t i n g  were 

demonstrated e These included frequency s i n s u o i d a l  e x c i t a t i o n  slow 

sweep rates, a hyperbol ic  sweep rate f o r  e f f i c i e n t  t e s t i n g ,  e l e c t r o -  

4-4 



o p t i c a l  methods of measuring displacements ,  and low frequency v i b r a t i o n  

d a t a  a n a l y s i s .  

12. The dynamic c h a r a c t e r i s t i c s  of t h e  deployed a r r a y  were measured 

and t h e  r e s u l t s  compared wi th  a n a l y s i s .  Exce l len t  agreement w a s  

ob ta ined  from t h e  lowest out-of-plane symmetric mode. Agreement 

f o r  t h e  h igher  out-of-plane modes w a s  f a i r .  The experimental  

r e s u l t s  f o r  t h e  i n  p lane  motion d i f f e r e d  from t h e  a n a l y t i c a l  

p r e d i c t i o n s .  

13.  A s  a r e s u l t  of s p e c i f i c  f a i l u r e s  the  fol lowing design modi f ica t ions  are 

r equ i r ed  f o r  a f l i g h t  design:  

a. Redesign of l i m i t  swi tch  fo l lower  i n  BI-STEM a c t u a t o r . ,  

b .  S p e c i f i c a t i o n  of a d i f f e r e n t  material f o r  t h e  s e p a r a t i o n  
nu t  mounting f l anges  ( i f  low temperature opera t ion  i s  
requ i r ed ) .  

c. Se lec t ion  of a d i f f e r e n t  temperature t ransducer  on t h e  
b l anke t  . 

14. With r e spec t  t o  mechanical environment tests,  i t  w a s  found the  

high frequency mechanical v i b r a t i o n  environment is  n o t  r e p r e s e n t a t i v e  

of a s p a c e c r a f t  a p p l i c a t i o n .  

f i x t u r e  high frequency e x c i t a t i o n  i s  n o t  adequately t r ansmi t t ed  from 

the  shaker  t o  t h e  a r r a y  s t r u c t u r e  and c e r t a i n l y  n o t  t o  t h e  b l anke t s .  

Acoustic e x c i t a t i o n  provides  the  b e s t  means of i n t roduc t ing  high 

frequency t o  t h e  s o l a r  a r r a y  b l anke t s  though the  admit tance i s  low. 

Even wi th  a 600 pound v i b r a t i o n  
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Pyr to technics  provide a means of ob ta in ing  a reasonable  s imulat ion 

of t h e  shock environment t o  be  expected on a s p a c e c r a f t .  

15 The test program provided some unant ic ipa ted  r e s u l t s .  These 

included : 

a. 

b e  

C.  

d e  

A greenhouse h e a t i n g  e f f e c t  i n  t h e  stowed s o l a r  a r r a y  b l anke t s .  

Low dynamic response of s o l a r  ce l l  b lankets .  

High f i r s t  n a t u r a l  frequency resonant  (in-plane mode) 

Blanket s l a c k  during stowed v i b r a t i o n  

16. New d a t a  of gene ra l  a p p l i c a b i l i t y  t o  r o l l u p  a r r ay  and o t h e r  

programs inc ludes  : 

a .  BI-STEM thermal d e f l e c t i o n  d a t a  

b .  So la r  a r r a y  b l anke t  s t i f f n e s s  d a t a  

c .  Damping c h a r a c t e r i s t i c s  of deployed a r r ay  
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SECTION 5 

RECOMMENDATIONS 

The following recommendations are based on the results of this program. In 

general, the recommendations address the additional effort which is applicable to 

the use of rollup solar arrays for flight applications. 
@ 

With respect to rollup solar array technology applicable to the design and appli- 

cation of different sizes and configurations, the following activities are 

recommended: 

1. 

2. 

3 .  

4 .  

5. 

6 .  

An investigation of the wrap tension needed to stabilize the 
blankets during stowed vibrations should be accomplished. 

An investigation of the dynamic loads caused by stowed solar 
array blankets during launch vibrations be carried out to 
provide design data for techniques used in this program produced 
grossly conservative results. 

A study of the in-plane structural characteristics to determine 
the effects of blanket tension forces on the structural charac- 
teristics be made. This information can be used to upgrade 
mathematical models of in-plane dynamic characteris tics e 

Long term thermal cycling tests of  various module configurations 
are recommended to form the basis for selection of the best in- 
terconnect approach for possible earth orbiting mission applica- 
t ions 

Additional environmental tests which would reduce unknowns for 
future applications include: acceleration, launch depressuriza- 
tion, a repeat of the low temperature retraction cycles, and 
long term thermal cycling tests, 

Design concepts which provide modularization of the blanket 
assembly should be investigated, These would allow replacement 
of sections of the array in the event of accidental damage and 
would facilitate manufacturing and assembly, 
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7 ,  Fabrication methods/blanket redesigns which would eliminate the 
wrinkles (and resulting adhesive voids) in the blanket substrate 
should be investigated. 

For the 250 square feet design configuration, the following design changes 

should be made prior to a flight application: 

a. Redesign the limit switch followers in the B1-STEM actuator. 

be Select a new temperature transducer (if temperature is to be 
measured) e 

c. Specify a different material for the mounting flanges of the 
pyrotechnic nuts (if low temperature deployment is needed)., 

de Investigate the design margin in the Negator spring motors at 
low temperature (if low temperature retraction is required). 

e. Specific unusual mission requirements must be individually 
evaluated. 
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SECTION 6 

NEW TECHNOLOGY 

No items of new technology have been reported during the course of this contract. 

# 

6-1 /2 



SECTLON 7 

REFERENCES 

1-1. F e a s i b i l i t y  Study 30 Watts Per  Pound Rollup S o l a r  Array F i n a l  Report 

Report No. 68SD4301, 21  June 1968, JPL Contract 951970, General Electr ic  
Company, Ph i l ade lph ia ,  Pa. 

1-2. Detail S p e c i f i c a t i o n  f o r  30 Watts Per  Pound Rollup So la r  C e l l  Array, 
Rev. E,  JPL S p e c i f i c a t i o n  SS501407. 

1-3. Quar te r ly  Report No. 1, Rollup Subsolar Array. Report No. GE-SSO- 
69SD4282, 12 June 1969. JPL Contract 952314. General Electr ic  Company, 
Ph i l ade lph ia ,  Pa. 

1-4. Quar te r ly  Report No. 2, Rollup Subsolar Array. Report No. GE-SSO- 
69SD4351, 15 September 1969. JPL Contract 952314. General E l e c t r i c  
Company , Phi l ade lph ia ,  Pa e 

1-5. Quar t e r ly  Report No. 3 ,  Rollup Subsolar  Array, Report No. GE-SSO- 
69SD4373, 15 December 1969. JPL Contract 952314. General E l e c t r i c  
Company, Ph i l ade lph ia ,  Pa. 

1-6. Quar te r ly  Report No. 4 ,  Rollup Subsolar Array. Report No. GE-SSO- 
70SD4225, 1 3  March, 1970. JPL Cont rac t  952314. General E l e c t r i c  
Company, Ph i l ade lph ia ,  Pa. 

1-7.  Hok, Gunnar, "Response of Linear  Resonant Systems t o  Exc i t a t ion  of a 
Frequency Varying L inea r ly  wi th  Time" ,  Jou rna l  of Applied Phys ics ,  
August, 1947. 

1-8. F i n a l  Program B r i e f i n g  - Lightweight So la r  Panel Development Program. 
15  J u l y  1970. JPL Contract 952571. The Boeing Company, S e a t t l e ,  Wash. 

1-9. Deployable Large Area S o l a r  C e l l  Array Tes t ing .  Report No. 20869-4. 
JPL Cont rac t  951107. Ryan Aeronaut ica l  Company, San Diego, C a l i f o r n i a .  

7-1 




